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SLUDGE ‘DIGESTION 


as. 


results of a study of four years’ on of a mult ple-stage sludge 
system are presented ir in this paper. ‘Satisfactory results have been 
ined with a detention period of | ten days. ‘The division of the process — 


4 followed, in P Part | Il, by a re report of research on some chemical phases of sludge au an 


4 digestion. sludge, and sludge-liquor analyses and a discussion of chemical 


‘equilibria are included The presence of ‘traces unusual ‘compounds 


of digestion. Part ‘I includes a a quantitative study of operating data. i is 


‘Two batteries. of ‘multiple-stage digestion tanks v were placed in ‘operation 
in July, 1931, by the Los Angeles: (Calif. ) County Sanitation m Districts a at ‘their — 
Joint Disposal Plant near Harbor City, Calif. ‘The tanks were designed 


= data obtained from experimental work conducted by the Districts and 


incorporated certain new principles of operation and control. _ The principal — 
| dertive from conventional design and o operation is the advantage taken of a 
feature described as gravimetric segregation. Digesting sludge particles will 


3 tend to float or to remain in suspension due to adhering or included gas particles. _ 
the of a Solid completion, it will sink and remain near 


th In the design of the tanks advantage was tiene of this automatic segrega 
tion or selection to. separate out, and pass ahead, the lower strata to succes-_ 


‘s 1936. .—Presented a at the mnnotng ot the Sanitary Engineering Division, New York, N. Y., + January 16 
Discussion on this paper will be closed in March, 1938, Proceedings. ae gent e+ PH 
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Pump House for 


bate, 


Batteries A to C Batteries DtoF 


—GENERAL OF SLuper 


Three transverse walls divide each battery 

nto four: rectangular 56 ft by 37.5 ft in plan’ (see Fig. ». Bach 

o battery is built so that the bottom has ; a slope of 1 on 12. _ Thus, the sludge st sur 

faces of successive tanks differ by 3 ft ay Each tank is ; equipped with a hopper at 
its lower end, which i is placed directly against the transverse | wall ‘dividing it 

from the next tank in succession. The tanks have concrete covers and each is _ 
equipped with two longitudinal baffle-walls extending from within a foot of the 
bottom, to the cover of the tank, dividing it into three bays of equal capacity. 
: ae The process of operation is as follows (see Figs. 2 and 3): Primary and ac- 
tivated sludges, plus" approximately 207%, by volume, of digested sludge, are 
: - introduced into the outer bays of Tank No. 1 in either of the two batteries, and 
“the temperature of the mass is raised to approximately (85° °F. To Teach the 
bat central bay of ‘Tank No. 1, | ‘solids sen sink to the bottom of the mass in the 


outer bays and pass under the bafite-walls. pit To reach the discharge riser pipes, 
leading from Tank No. 1 to the two outer bays in Tank No. 2, solids must 
accumulate in the hopper at the lower end of the center bay in Tank No. 1 
Thus, a process of gravimetric selection i is operative in the flow of the sludge, 
and this selection is repeated i in each successive tank until the sludge is dis 
charged int into the > storage We aoe « 


An open pit was constructed to. the digestion tanks which, 
capacity roughly equal to the t tanks themselves, serves a balancing reservoir 


‘1674 its intended purpose 
the tan capacity tical in all their p »with 
i Bees, a sively lowe to utilize more fully tion tanks are iden d and 150 ft long, with Ba: 
The two og ttery is rectang — 
— 
— 
2 
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pinter-te tank Studga Line 


3.—Cross-SEcTION oF A Stupes Dicestion 
was made. - The results of this study over the 4-yr period, ia 


1937, are in two sections—the first reporting operation 


antities. —No routine ‘method of sufficient accuracy was 
to ) measure, directly, the volumes solids contents of the 


amt , together with data on ‘content of the activated 
‘The second method makes use of digested sludge analyses. An 
method of measuring the volume of digested ‘sludge, recirculated “digested 
_ sludge (seed), and supernatant liquor, was developed, and from such data the — 
olume of new sludge pumped to the digesters was computed. — : “Determinations 
of the ash content of the digested sludge, seed. sludge, "supernatant liquor, 
oe) and i in the sand and scum accumulations, provide data on the daily input 0 


ash to the digesters. s. These results, when divided fa the ave average ash rhea “ 


— 


had b loaded. ten days. the 

| days, were tion period. approxi study 

ring digestion. | 
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oa Calculations of po iestililan ee were made by both methods over a 2- -yr 


period ending April 30, 1935. - Since that time only the first method has be been he se 
used. of calculations reduced to quarterly periods are shown in 


iy 


1 or Dara B BY QuARTERLY 


sewage 
flow, in 
million 


(a) AVERAGE OF 
Raw PumMpep To 
In PounDs 
Day; Computep | 


PERCENTAGE or OrGANIC MATTER 


reentage, Volatile 


Sewage 
analysis 
and 


{ January 31 


8888 88 


“100 


2B 
67.87 


70.88 


71.10 
72°58 56.22 
56.34 


70.97— 


y 0 nly 1. 3%, although individual quarterly periods differ by as much as 
Pian average solids content of all new sludge pumped to the Frm is 


AT i per cent. _ OF the new solids added to the a tai 33% are in the primary ar 


averages of the volume of new pumped to the 
vary from 122 000 gal per day to 160 000 gal per day. The nominal detention for 
‘time (that i is, the design capacity. of the tanks ‘divided “i the volume of new 


The time of } passage ‘of the solids m may y be greater or less than this fluid deten- 
L tion time, due to the tendency of the solids either to remain in the upper part 


of the tanks or to settle to the bottom and ame to ‘pass more quickly through " 


less than n the detention time, admixture of seed 
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A similar survey was rene of ' Battery A between May 11, and Stier 15 10 
about seven weeks after all the tanks had been emptied and cleaned. 


of a thick layer i is well shown in the results of the first test, | 


‘seven weeks after the tanks had been entirely emptied there was only a slight 


(b) SURVEY OF 
_MAY, 1934 


of 


, With 
no significant tendency for flotation i in the tanks. The high ‘solids 

-eontent of the scum layer, together with the observed ‘presence of seasonal 
i eeds at least several months old, as wall as quantities of match sticks, hair 
and bits of rubber, suggest the | possibility that, after twenty-five ‘months of 
om operation, the scum layer was largely made up of semi- -permanent, ee 4 
matter, and, as : such, would be expected to reduce, greatly, the effective capacity 
of the tenia, In order to create some idea of the quantity of coarse nemo’ 

n 


mm: samples of the s scum were composited from each battery ‘and washed on a 
ae screen, the retained matter being weighed. ‘The: results of — de 


a 
— 


of solids retained on 8-mesh 
Pe entage of organic matter in dry 8 


Ih order to evaluate the effect of the scum accumulation on n tank ditions! 
expe: xperiments were conducted to determine the gas production from samples of ee 
the scum. The samp 
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the tank system; it is also increases emoval of supernatant i 
Scum Accumulation —During August, 1933, when the tanks had been 
operation for 25 months, composite samples of the sludge were obtained i 
— 
| — 
_ elevations in the tanks, as shown in Fig. 4 and ‘lable 2. ‘The percentage ‘4 

i 
— 

— 
| 
- 
© 16.04 | 16.50 
i 
erminations are shown ning fr omthe 
me 


DIGESTION 


possible. “gee results are shown in Table 4 poll 


TABLE. 4, —DIGEsTION or Scum 


‘ 
PERCENTAGES: ON THE ING Successive Days: 
PY. 


| 1027 | 1886, — «©68.6 «| 5140 | 1042 5 580 | 20 730 | 24 020 | 26 140 


sludge temporarily retained to it the sent very attive 
Reduction in Organic Matter and Gas Production. —The pere ntage of 
_ matter destroyed i the tanks is obtained from the formula: ce 


We 


in hich Wa is the ratio of the weight of organic matter to the weight of ; ash, 


we 


for digested sludge; and W. a is the corresponding ratio for new es 
The average for the four 3 years” ending» April, 1937 (see Table 1), shows 
reduction in the tanks of AT% of the organic matter added. In weight per 
Ba Computations during the second year 0 of the period ec covered by this paper 
showed reduction in the pit of 14% of the c organic matter added to the pit; the 
tank system showed a reduction of 46.38% of the organic matter added, so that 


the tanks and the pit together | effected a fan 8% reduction of the: organic matter 


The temperature in the ‘piti is er than that in the tanks. 
b _ Gas: measurements is by stages were made during f four separate p periods of the 
first year of the tests. The e limited number o: of ‘meters available prevented the 
making of simultaneous 1 measurements on all tanks, but single tanks 
‘metered over 10 to 15-day periods. Table 5 gives the totals for both batteries. 
i the first three periods the temperature increased in successive tanks. 
In the fourth period heat “was applied only to the first. tanks, and the  tempera- 
ture varied but slightly throughout the process. This increasing temperature 
in the first three periods « of measurement probably accounts for the fact that, 
in two of the periods, the gas production i is greater i in the third stage than in the 


n the fourth gas greater in the fourth stage 


¥ 


¢ 
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— 
— i 
duced gas at the rate of 5.0 liters per day per liter of 
«stage produced gas a he tanks. Even 
— excess of the averages that have been noted for any of the tanks. E «7% 
in excess off the averages 
— 
— 
— 
— 
— 
— 
— 
] 
ea 
— 
wa 
of 
— 
second. 


¥ elie in the fourth tanks oe Fig. 2) resulting f from the removal of supernatant = 4 


Stage Stage 3 Stage 4* | “total 


May 22 to June 19, 1933: 
Temperature, in degrees Fahrenheit. . 
Oe: Cubic feet per day 
: oh Cubic feet per cubic feet of tank... 


“August 8 to September 5, 1933: 
in degrees F ahrenheit. 
Gas Pr uction, in: 
Cubic feet per day. 
Cubic feet cubic Saat tank...| 


al 


October 4 4 to November 2 2, 1933: og 
x: erature, in degrees Fahrenheit . 


May ! 5 te May 2 31, 1934: 
Temperature, in degrees 
 Cubie feet per day 100 62700 


feet per cubic feet of tank...) 3.11 | 1.12. 


Average od etion in cubic feet or da 300 
Aver rag Pro uction, per day nad 


_ * Tanks in Stage 4 were only partly filled; “gai age in this column were computed as for full tanks 
n order to permit comparison with other stages. Se Set es 


In the period of measurement (that i is, the tanks were 
ve and cleaned), the gas production in the first tanks was greater than during the 
Ted other periods, which might seem to indicate an improvement: resulting f from the 
removal of the : floating accumulation. This effect, however, | may be accounted _ 
for adequately by two other factors, the first being t the reduction of effective ae 


ee day, which, added to the average daily production shown i in Table 5, indi- x 


cates an average daily total of 270 000 cu 
The gna production was ‘measured ¢ at pressure of 765 
rE: and at 25°C. The average density of the gas under these conditions 
was determined experimentally to be 1.047 grams per liter. Hence, the e weight 
of gas actually recovered was 17 400 lb per day. The average weight of 
4 organic matter destroyed over this period was 16 300 Ib. . Thus, the weight of Fe 


x gas produced was 107% of the quantity described as | “weight of organic matter : 


destroyed. ”» This value (107%) takes no account of carbon dioxide (CO,), 
ammonia (NH,), and volatile acids lost from samples of new or digested sludge 


upon ‘drying during losses taken into account a still 


100100 | 63 | Core | 

307 700 
59 300 50400 | 45000 
200 | 50400 | i 
| 
4 — 
5 
— 
— 
ieSS than the actual production, since h 
The lap ts made when the tanks were new, the 
tank leakage. On the basis of tests 
: 
— 
— 
— 
S. 
— 


order to determine what additional gas might | be expected 
ie from longer detention times, samples of sludge from the fourth tanks were 
Ms placed in bottles in the laboratory and the subsequent gas production was 
measured. These tests were continued until the rate of gas production had 
_ dropped to roughly one- tenth of the initial rate for the samples from the fourth _ 
tanks, or to about 2% of the rate in the first digestion tanks. xi In the digestion q 

ae tanks the sludge s yielded an average ¢ of 343 cu cm of g gas per gram of solids added, 
or 485 1 cu cm per gram of f organic matter added. = Table 6 6 gives tl the he gas yields” 
on thes same basis for the additional periods of detention. ps 


In Cubic Centimeters. Total 
subsequent 
degrees | inecubic of gas 
Organic per gram of 
organic 
matter 
added 


fis Detailed results of the analyses of the ga gas will be given subsequently. ‘The 
_ average carbon dioxide content is about 32%, the remainder being nearly pure ‘ 


ee methane gas. The content of | hydrogen sulfide, HS, rarely exceeds 0.02 per BE 
ie cent. About 50000 cu ft per day is burned in a water-heating boiler used to 

ae heat the digestion tanks. After the boiler had been i in service for about eight : 
on” a months, it was observed that corrosion of the flues was taking place, leading to Me 
aj the deposition of plugs of ferrous sulfate in 1 the lower ends of the flues. Use of SS 
a forced draft eliminated the by preventing condensation of moisture 

200-hp gas engine, was i in May, y, 1935, uses about 110 000 
ej ft per day of the gas. The engine has run 99.3% of the t time since installa- a 
tion, and has an average of 182 cost of this power, 


This includes 


cylinders show no corrosion to the are ‘ground 
mar ‘two or three times each year; rings were changed at the end of 23 months. “a 
piping of the gas-collecting: system has shown no » deterioration. The 
" conerete and metal ul work i in the digestion tanks was found to bei in good condi- 


moderate surface de deterioration. ‘In these tanks some air occasionally becomes 
nixed with the gas, 3, and probably hydrogen sulfide to ‘sulfuric 


— 
— 
— 
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Stage | Date started | th 

— 

— 

— 
 &§ 
| 
h 
| 
‘ 

a 


| MULTIPLE-STAGE SEWAGE SLUDGE DIGESTION 


has caused detectable isi on the exterior of the tanks where the con- bes 


rete is exposed to the air. The concrete of the tops of the tanks, s, which s are 
: covered with ; a coat of tar and 12 in. of soil, is apparently unaffected, but elec- ~ 


3 “ti is surprising oe observe these effects from such a small percentage c of hydrogen pee 


Heating System. —The tanks are heated by means of 2in., extra a a 
wrought-iron coils arranged vertically along the ‘partition walls of one side of 
— each of the first three’ tank compartments. — Individual runs of pipe of each coil 
were placed in a vertical position to prevent the settlement of solids on the 
pipe. The coils of the first tanks were designed to supply enough heat to raise — 

the temperature of the new sludge to the operating temperature (85° F). In 

the succeeding tanks only enough coil area was provided 

= Soundings taken with a thermocouple indicate that there is no temperature * 


the depth of each unit ‘(see Table 7). When the tanks — emptied and 


| 


| 
ast Center East Center 


82.8 


Average for bay 
aes Average for tank. 


to 85° F, but subsequent to the ‘cleaning, | hot v water has been circulated only — 
# through the coils of the first tanks. Some: minor difficulty has been ¢ experienced — ie ’ 


he coil system. tanks are 


all the coils in the first three tanks or stages in order ses the tempernture a 


would be desirable in the first 

; 3 A study of the sludge-heating data shows that 675 ft of 2-in., ex 
wrought-iron pipe in the first tanks transmitted heat at the rate of 84 Btu per us 
day per ft of pipe per d degree of f temperature differential. ft ‘This value was ob- | 

tained after thirty m months of service when the coils v were covered with lime 
a the scale was removed and the condition of the pipes was as equiva- s 


ent to new, the conductance rate was 347 Btu. org 


ii 
— 
— 
— 
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May 15, to June 11, 1934, were made on the quantity 
heat supplied to the digestion system. The heat transmitted daily to the tanks _ 
2a we 13 900 000 Btu as calculated from the sludge-heating water. New sludge 
- at the rate of 129 000 gal per day, and ¢ at 73. 2°F, was pumped to the digesters. 
oe It is calculated that 13 400 000 Btu ; per day was required to raise this quantity | 
= 5a to the temperature of the first tanks. . The difference of 500 000 Btu per day © 
- between the heat supplied and the heat a appearing in the sludge i is due: (a) To 

~ experimental error; (b) to radiation from the tanks; and (ec) perhaps to endo-— = 
thermic requirements of the digestion p process; or (d) to a combination of Causes” a4 


—— The difference between the free heat content of the ibis added to, = 
ee, leaving, the digesters was 12 700 000 Btu per day. _ The head : added to the 
ce sludge was ‘18 900 000 Btu per day; | there v was left 1 200 000 Btu, to account for : 


radiation an and endothermic requirements of the entire ‘process. Keefer, 
a M. Am. Soc. C. E., and Herman Kt Kratz * found 1 through laboratory experiments — 
that the digestion in general i is endothermic, their experiments showi ing 
a net heat absorption varying from 154 to 433° calories per gram of organic — 


ct eal destroyed. The total destruction of c organic matter in the digestion 5 
% tanks of the Districts, over the corresponding period, averaged | 13 300 Il lb, or 


ee 6 030 kg per day. Using the minimum value cited by Messrs. . Keefer and i 
Kratz, , this destruction should require 929 000 kg- cal, or 3 690 000 Btu, a 
ise quantity of heat as that which appears to be 
similar conclusion ber reached by comparing the temperatures in the 
second and fourth s stages during: the no heat was being 


no by radiation. Actually, the cooling, ‘including ‘that. due to 


Foaming. —Foaming is occasionally observed i in ‘the first and | second 


a oe space of 6 oss in the first tanks and 4 ft in the other tanks is provided to at 
after the tanks were placed in 


nuary, 1936, the foaming became 
es ser ins, ‘Tising: to the tops of the tanks and filling the gas lines. Seed sludge 


men ms ; being taken at that time from the fourth tanks. It is believed that this 
sludge was not far enough advanced in digestion to serve as satisfactory s seed, 
: Be an indication of this being the fact that the content of volatile acids was 600 ‘. 
ppm to 850 ppm (as acetic acid). Seed was then taken from the pit, where- : 
upon the foaming subsided. However, the difficulty has occasionally recurred 
since that time although the seed is now regularly | taken from the pit. It is r 
now b believed that the trouble lies in the failure to secure adequate mixing of ‘ 
ore seed with the new s sludge. . It has not been convenient to pumps seed to the ne 
tanks more than once each day. Between pumpings of seed, one of the first 


tanks may receive a , volume of new sludge nearly as great as the volume of oe 4 
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tank. of a quantity of ‘the ‘outeide ‘bays may not 
permit proper seeding of the entire mass. _ When the foam rises to a ne 
oint, some of the raw sludge is by-passed to subsequent tanks until the foam — ents 
This procedure has effectively prevented operating difficulty. 
. Stirring. —The ‘tanks were equipped with h gas | lifts for the purpose of stiring qi 
the sludge, but a comparison n of the performance of one battery operate r ith 
~ the gas lifts as against t the other battery operated © without stirring, failed to 
- indicate a1 any , difference. — With the degree of mixing made possible by the tank _ 
- arrangement it is. doubtful whether any additional stirring is warranted paris. 
2 Sludge Drying. —The sludge drying beds" comprised 2.34 acres of under- 
e drained sand beds, 6.0 acres: of diked field, and 2.9 acres of shallow lagoons. 
‘The diked fields are constructed by grading open fields s 80 that. the sludge 
dey pth is about 2 ft. . The soil is a tight adobe that leaves little chance for 
“seepage or under- er-drainage. ‘J Data indicate that sludge was dried at the rate of ay 
663 tons per acre ere per y yr on the sand beds and at the rate of 342 tons per acre = 
_ per yr on the “field.” | About 257% of it was wasted 1 directly from the digestion _ 
ke to the drying beds. For convenience in “operation the other 75% was 
_ pumped to the pit before passing to the beds or field. — No difference in drying 
characteristics has been noted in the - two sludges. _ Both types become dry 
without odor nuisance or the breeding of house fies. 
| _ Measurements « of the rates of draining of ‘sludge nail to the sand beds 
gave rather erratic results, indicating considerable variation in the drainability 
“ot sludge from time to time. The most that can be concluded, from the twenty 
beds measured, is that, in general, when the | sludge from this installation is ae 
_ pumped to ‘the beds with a solids content of 45%, it) will lose about one-half its : 


moisture by drainage in the first 48 br The remainder of the moisture is 

TABLE 8.- Cost or DIGESTION, DRYING, AND SUPERNATANT Liquor 


Une Cosr, 


vision depre- ; 
-|ciationt 


380 =| 10 580 
Drying on sand beds...... 2460 | 330 1 480 
ng on fields or lagoons. 5000; 500 250 


* Doe 
of Colum: 


on underdrained beds and open fields or lagoons. Since approximately 75% 


— 
— 
— 
| 
— 
— 
— 
— 
a 
14035 | 8 — 
e 4270) 2730 | 1550 


ly 


‘pit is included with the tank costs. It has little influence’ on unit costs for 
= ‘digestion. — The cost of land on which tanks, pit, and drying areas are laid — 
“out i is not included. Sludge is delivered wet, on the beds, to a fertilizer con- 
tractor who assumes the cost of its Temoval. . The contractor pays the District ie 
per ton of dry solids delivered on the beds and lagoons. 
oe gas engine, operated oi on gas from the digesters, has effected a net saving _— 
in power costs of $480 p per month. + No credits for this have been sep to the 2 
Multi- stage digestion as applied i in this: installation affords an d 
opportunity to study, under plant-seale ‘operation, the chemical changes oc- 
e curring it in the digestion process. _ Although some of the information presented — 
is abstract, its inclusion is thought to be of value in helping to furnish a clearer 
concept of the fundamental nature of the digestion process. Basic information 


re pation through studies: of this kind may be expected to ‘point the way to to the ¢ 
solution of some of the problems of sludge digestion. ‘The following 


of the -soluble ‘matter, balance, ai and composition 


No complete analyses were made on liquor from the pit; but instead, two 
ig sludge from the fourth tanks were retained i in bottles at 86° F for an addi- 
tional period | of 23 days and analyzed at the end of that time. These latter 

ik - samples represent approximately the results that might be expected from a 


Most of the analyses were made on samples taken during two test ae i 


st 11 to 22, 1933, , and most of the month of October, 1933. _ No essential a 


‘differences 8 appeared between the results 8 covering t the two periods, except i Yt in the 
case of phosphate. a Table 9 shows the a average results of all valid analyses, exe 


cept that the phosphate values for the two test periods ai are tabulated separately. — 


‘The “mixture” is s computed from the known proportions by volume of new ic 


and seed | sludges added to the first stage. | Analyses of filtered sewage are taken © iG. 


88 representative of the liquor accompanying the new sludge. Actually, the 
eg omy of the liquor begins to change. as soon as s the sludge settles from bev’ 


at w 
_ Bicarbonate values in ‘Table 9 computed from ion 
: bicarbonate. titrations were not ‘made at the time of these liquor analyses. 4 

a subsequent work on the bicarbonate titration indicates that, in liquor q 


a an average of 290 } ppm as The pH-values are derived from 
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Conran OF SLupGE Liquors, IN Parts” 


No.1] No.2] No.3 deten- 


anic nitrogen, N 
veatie acids, as acetic acid. 
HC 
Silicon dioxide, SiO: 
Sulfate, SOc werk 
August anal: 
October analysis . 


Calcium, C 
Mg. 


concentration,* 
PHL. 


and the ionization constant of carbonic acid.5 The dima between com- 


and experimental bicarbonate values for digested ‘sludge: liquor v would 


ntroduce a difference of 0.03 in the ) pH-value, 


Bicarbonate 


ya 


tearm 


Mineral 


were 


Primary, Activated 2nd Stage Stage 


Fi ig. 6 the reaction equivalents 
i by dividing the parts per million by the reacting weights of the ions in question. e 


os “Hydrogen Ion Concentration and Bicarbonate Equilibrium in Di ad a 
gesting Sludge, Banta, 
ee, M. Arm ; m. Soc. C. E., and Richard Pomeroy, Sewage Ww ks Journal, Vol. I, 1934, Pp. 


Additional 
Detention 
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TABL 
rt 
indi- 
vidal 
cs 
1096 j1138 | .. | 46 
1122 [1002 | 4600 
| 43 | “51 | 60 | 56 | 56 
| .. | 166 | 158 | 7 
we 


oh 


is practically no sulfide in solution, the sulfur ta form 


; — sulfide. _ The apparent increase in n sulfate i in the later stages may | have — 


_ Phosphate. —Table 9 shows that in ‘August the phosphate concentration 


‘increased egularly y through the digestion tanks whereas in ‘September the 


maximum in | the first tank and decreased progressively 


thereafter was ; thought that the decrease in the second p period might. be 
explained by precipitation of magnesium ammonium phosphate. This 


4 iti 


z -— Mikely i in view of another observation. A flume that carries supernatant liquor 
from the pit has accumulated a wrest of crystalline material, in some places 
to a thickness of an inch. Analyses of two samples of this material showed i 

to be about 96% Mg NH, POPE RO: 


In order to determine if this compound may precipitate i in the digestion 
anks, two solubility tests were made by ; saturating liquor from digested sludge : 
the pure cc compound, keeping the solution i in equilibrium with sludge gas of 
known carbon dioxide content. The results” yielded solubility products of 
of 1.06 X at 25° C and 1. 33 
On the basis of these results it is calculated that the digested liquor from 
- the tanks, having the hydrogen-ion concentration and the content of magnesium + 
ae and ammonium shown i in Table 9, would be able to hold 305 ppm of phosphate — 
in, solution before becoming supersaturated. After 32 days | of detention the . 
liquor could hold 157 ppm. Hence, it does not seem possible that magnesium : 
- ammonium n phosphate could precipitate in the digestion tanks, and the peculiar i 
ne behavior of the phosphate i in in the October series of tests remains s unexplained. 
‘ The: deposition i in the flume can be explained a as due to the loss of carbon dioxide _ a 
and the : resultant rise in pH. Such loss of carbon dioxide would be ‘expected. i. 
of turbulence in the flume in question. If this loss allows the  pH- value 
of the pit liquor to rise to 8.0, the proportion of f phosphate that. can be. held i is 
: reduced to about.18 ppm (at 25° C); any excess over this concentration preny y 
Volatile Organic Acids. —The ‘increase of f organic acids i in the first stage and 


liquor from the first tank. As satisfactory conclusion w was not reached, but 7 


modification an ether- extraction procedure $ tentative results 3 were ¢ obtained : 


as follows: 


bx Propionic. 


— MULTIPLE-STAGE SEW ypers Not 
Further consideration of some of the constituents reve: rest- 
_ relationships, discussed in the following paragraphs.” a 
— __-- Sulfate-—The rapid reduction of sulfate in the first stage is undoubtedly ff hyd 
— 
— firs 
— 
equ 
— 
— 
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Th 
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‘Determination of Formic, Acetic, and Propionic Acids in a Mixture,” by O. L. Osborn, H. G. Wood 
C. H. Werkman, Journal of Industrial Engineering Chemistry, Vol. 25, 1933, p. 247. 


¥ 


l( 
| 


N ‘ovember, 1987 


_ large percentage of acetic acid undoubtedly came from decomposition of carbo- ia 
_ hydrates, , whereas the presence of valeric acid suggested the de-aminization of — a ; 


first stage, with s smaller quantities in| subsequent tanks. 4, 
— Caleium.— —The > possible s saturation of the sludge liquor with 


A part of fraction reported as valeric acid may be caproic acid. 
+ 


re 


of the phenol group showed about 0.7 ppm (as phenol) i in liquor from the oa a 


aes acids formed by the bacterial hydrolysis of proteins. . Tests for acids 


“nate some interest. ; Ing a solution saturated with calcium carbonate and in 
equilibrium with gas phase containing dioxide at a ‘partial pressure, fs 


in which p is the i ionic strength and Ko is the value of K at zero ionic is eal: ae 


The values of K corresponding to the ionic "strengths of the various sludge as a i 
have been derived from published data.” Results of calculations of the 
~ concentrations of calcium necessary to saturate the various sludge liquors are 2 
in Table 10. In all cases the calcium found i As than the propor- 


LUBILITY OF CaLcru 

IN SLUDGE 


‘Values of K | Bicarbonate, to saturate 


tial 
3 Tonic (concentra- par HC in solution in 
pressures, | per million, 
strength tions, in mols p COs, in per million eal- observed 


er ‘Titer 


red with hard thin of 


im calcium sr are before the sludge leaves the tanks, but there i is evi- 
This ex evidence appeared in the ‘samples which were subjected to the 23 days of 
| - additional digestion. a Ac composite of the liquor from these two’samples taken 

at the beginning of the experiment showed 332 ppm of calcium. At the end. 
the two samples | showed, respectively, 316 and 

a urn : 


4 
— 
ue of K is de esas a 
+ 
— 
— 
ave, CaCO, 
to saturate the solution. The exe 
1 [tion calculated g f the liquor with respect to calcium carbona 
accounted for as is supported by observations made when the 
That the liquor is supersaturated is supp 
| stage, were partly cove 
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eo obscure an effect which might be revealed by averages of greater numbers of . 


Tron- .—The solubility of ferrous carbonate in sludge liquor is governed by 

equilibrium expressions similar to those applying to calcium carbonate. On yn the 
ee Bk. ~ basis. of solubility data,® it is calculated that if the s ludge liquor from the fourth 

Bt stage contained 0.02 ppm of iron as ferrous i ion, the solution v would be saturated — : 

ro a with ferrous carbonate. The fact that 1 much larger concentrations prevail — 

a = suggests that the i iron may be i in the form o of un-ionized or colloidal compounds. — 

Supersaturation with respect to ferrous carbonate n may be a factor. 
ees fs In one instance when a a very large percentage of ferrous iron was present i in 

ee the sludge going to the digestion tanks, the green color of the iron compounds ’ 

persisted throughout the digestion process. A sample. of this green sludge, 

when treated with acid, liberated a quantity of carbon dioxide that could be x 

- fecounted for | only by : assuming g that the iron was s present a as ferrous carbonate. 

Digestion of Ether Soluble Me ater. —Determinations of ether soluble matter 

made on samples. of primary, activated, tank, and | pit sludges. (An ‘ether- 

i. soluble determination i is made e as follows: A weighed sample ¢ of dried (105° ©), 

. ‘pulverized sludge i is placed in a weighed Gooch filter; washed with hydrochloric _ 

acid (HCl), and water; dried and re- weighed ; extracted for 3 hr with ether _ 


a cay under a reflux condenser; dried and re-weighed, the loss in weight being reported 
4 as a percentage of ether soluble material on the basis of the original dry weight. 


ea _ By this procedure the insoluble soaps are represented by free fatty acids in the 

a ether extract.) All analyses but one were made on samples taken betw een 

at May 15 June 10, 1933. The results are shown in Table ll. 


TABLE 11 —Percentacr or ETHER MATTER IN Suupces 


of | Maxi- | Mini- Aver 7 | Number Maxi- | Mini- 
20.7 | 16.0 | 18. 2 | 16] 78 | ol 


digested sludge, free acids, after being separated from the remainder and 

dried, changed i in part toa material that could be re- dissolved neither : in fat 
solvents nor in ‘dilute alkali. 
polymerization. A repetition of the extraction and drying of the part that was 

; soluble i in potassium hydroxide caused more of it to become insoluble, so that 
on itis estimated that at least one-half the free acids in the ¢ ether soluble material 
of the digested sludge were of an unstable type; the true fatty acids may be 
, only a a small proportion of the t total acid fraction. In view of this behavior, 4 
seems likely- -that the original digested sludge contains substances which, | in 
ay the original state, would be soluble in ether, but which change to insoluble 


forms when the : sludge i is . dried, acid treated, and re-dr dried during analysis. 


, Am. Ch Chemical Soc., ‘Vol. 40, 879. 
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be ether extract from the digested sludge gave a strong positive result; ‘and 3 yet et, 


3 as noted previously, « only traces of phenols s are arene in the liquor. © 


, 


poun 


- Total weight of ether soluble material, in 
pounds 
* 
Phosphine (PH 
Equivalent of acids 


Each 100 Ib of ether soluble material annie the Sestiahiaies tanks contains 
the quantities of various constituents shown i in Table 12(0); the fates of these 
constituents are also shown. ‘The “fatty acids” in the sludge 
with calcium and magnesium as insoluble soaps. into 


the it is calculated 208 Ib of calcium and 
3 Ib of per day appear in the sludge liquor. If the magnesium is 
converted to the calcium equivalent and added 1 to the value for calcium, the 


a Tt was chong that phosphorous-containing fats might be a significant 
Ae source of the phosphate that appears in the sludge liquor. © However, calcula- _ 


tions indicate that only 7 lb per day of phosphate would be released by the 
“ igestion of the ether soluble matter, whereas the sludge liquor analyses of f 
August, 1933, showed 70 lb per day going into solution. 


Nitrogen Balance. Nitrogen analyses were made on samples of wet sludges 


uring May, and June, 1938, with results as shown i in Table 13(a). On the 


. Some of the 
4 Table 12(a) shows the results of the analyses 
— 
3 
66% | 62% | 26% | 634 | im 
— 
© in u p 
sludge, 1t appears tha 
sare present in the diges process. The very low reduction 
| (mineral oils, etc.) is to be expected. 
4 of the non-saponiiabie m d d 
: }of the fatty acidsand the 
Calculations based upon the equivalent put day 
other data as given, indicate that the qu 
— 
— 
: 4 dered good in view of the many sources — 
J 26:b from the grease analyses, is considered good ir dhe accounted forbythe — 
difference isin the direction that wo 
| 
oll 
— 
— 
| 
in — 


4 


Nitrogen 


| ec Pounds 


| centage of Dry Weight | 


Maxi- | Mini- | Weighted|Pounds 


mum average of dry | day 

© 


Primary 21 | 2.40 | 21950 ori 

Activated... ‘| 11 | 6.51 | 4.30 [31770 
| Pit seed . | | 5.84 | 10 100 a 

Digested sludge ......... 6.36 15 §.85 | 45 290 ori 

Soum and sand accumulstion. ‘ret 

Total output and dri 

pr 

*750 ppm; third tanks estimated. Organic matter. 6.5% of organic matter (estimated). 4 slu 


entering and leaving the tanks are agreement, indicating that there eis 
appreciable loss. Since this is a rather important point, a careful experi- Of 


“ment \ was performed to determine if any loss of of nitrogen could be detected. a 
A laboratory sample of a mixture of strained raw and activated sludges was 4 


d, and carefully and five total were be 


cs 


i=] 


054 we 2 036 


we 


sO 


f the weights ions have been | uantities of 
during h results as shown ALANCE 
— TABLE 13.— 
ini 
— = 
— 
of 
— 
— 
ion, in part 
in digestion, in 
— 
— The nitrogen 
see e. The 
lyzed as before. 
— 


than in the original mixture. aS! When a correction is made for the decrease in ss ll 
~ of the sludge. due to loss of gas, the quantity of nitrogen in the final = 8 
mixture, on the basis of t the original weight, is less than in the original mixture — om 
_ by 7 ppm, or 0. 34 per cent. On the basis of deviations of the ‘individual of R 
- determinations it is estimated that the probable error of the difference is | ae 
ppm; hence, the apparent loss is not significant. probable that if an actual 
— joss did occur, it did not exceed 17 ppm of Kjeldahl nitrogen. _ These results a 

are in accord with conclusions of Messrs. A. M. Buswell and C. 8. Boruff. a. a 3 


As the sludge from the sewage, 98. 6% of the nitrogen 


cl nitrogen is still held i in es solids, and 43.2% i is i in solution. At the end Ca 


of 23 days’ of additional digestion, the original nitrogen ‘still held in the solids 


ee If the sludge from the tanks is dried on — beds, two-thirds of the water — ; 
_ originally present with the sludge will have been removed as supernatant liquor 
_ and as drainage from the beds by the time the water ceases draining from the a 


7 sludge. _ ‘The water remaining with the sludge will hold 14.2% of the nitrogen tae 


> originally present | in the ‘sludge. _ Prolonged’ and thorough drying of the sludge a 
removes the ammonium nitrogen almost completely, but when the sludge is 
dried, as is usual, to about 50% moisture, 15% of this ammonium nitrogen, 
presumably all the ‘soluble organic ‘nitrogen, remain in 1 the moisture of the 
the nitrogen originally present 60% will still be available for _ 
Pea) fertilizer value. if the sludge i is digested for an additional 23 days and then ae: om : 
iy dried to 50% moisture, 46% of the original nitrogen will still be available = A: aa 
Of the nitrogen fertilizer value remaining after digestion i in the tanks, 23% is 
due to digestion in the pit. These considerations ‘point to the desirability 
“- — of a short digestion period \ when the sludge i is to be used for fertilizer. . It must ae 
i, be noted, however, that a substantial amount of digestion occurs in the sludge 
‘a fom the tanks during di drying; this is not taken into’ account in the foregoing _— 


ae The digestion of ulidagutiabie matter roughly parallels the digestion of other 
Organic matter, with the result that the percentage of nitrogen in the solid 
i organic matter does not show any great change. A If the insoluble nitrogen is | i 
~ ealculated as percentage of the solid organic matter, the value is 5. 79% ae 
the new ‘sludge, 6.51% for the sludge from the tanks, and 6.09% f or the sludge ieee 
days of digestion. The total nitrogen in the sludge from the ‘pit 
| (including the soluble portion) dried on the sand beds, as calculated from the - 
analyee of of the new sludges and the analyses of the sludge liquors, should be 
6.54 per cent. Samples of dried pit sludge taken in May, 1934, showed a 
nitrogen content. corresponding to 6.49% of the organic matter (average of 
eight analyses from two beds). - Thus, again, all the nitrogen is accounted for. aa 
The average organic content of this sludge, lowered in part by inclusion of ai 
sand, 1 was 47.5%; hence the nitrogen | was 3.08% of the dry weight ¢ of the sludge. gio as 


Nitrogen at other times indicate that this represents average conditions. 


Ges P he R 
p. 450, 


by Buswell and S 
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During Sludge Digestion wage Works Journal, Vol. IV, 1932, 


eentinad: to be 6.25 times the 1 nitrogen percentage, the organic matter may be 
divided into ether soluble matter, protein, and cellulose and miscellancous, 

and the fates of these th three types of organic matter may b be calculated. 


£) 


ORGANIC SoLuBLE CELLULOSE AND 


b 
Total | Per- | Total | Per- | Total | Total 
ee weight,| centage| weight,| centage| weight,| centage| weight,| centage 
de- | in de- | in 


subject t to certain limitations, as de- 
scribed subsequently, are shown in Table 15. 

Carbon 1 Dioxide. —Several analyses for carbon dioxide were made by the 
usual absorption method. _In other cases, the density of the gas was s deter- pi 


From the known solubility of ‘carbon dioxide i in wither; it is calculated that 


e sludge liquor from the last tanks contains 373 ppm of free CO: in solution. : 
“2 _ When sludge is dried for analysis, a large additional quantity of this gas is lost 
by decomposition of the _bicarbonates, especially ammonium bicarbonate. 


would amount to an of 3 030 ppm for all the m the 


tity on one-third a as cpr of carbon dioxide i in the gas evolved _— the 


Hydrogen ‘Sulfide— mathods were for the 


o be more reliable were obtained by passing the gas idiecuah bromine — 
and precipitating and weighing the e resulting sulfate as barium sulfate, = 
SS In the discussion of iron in the sludge liquor, evidence was given showing» 
the presence of ferrous carbonate i in the e sludge « on at least one occasion. zs The 
iron content of the sewage at this plant is usually high due to trade = 
sludge contains an average of 2. 46% of iron (as Fe). The of with 


— = 
4 
Table 14. ps 
— 
— 
or 
— 
—— 
42.2 (878 | 65 | 77 | 161 | 56 | 196 | 46 
len ene S stages Of the digestion process 
Analyses.—Samples of g 
— 
— 
entage was estimated [rom an experir 
| Be 
= 
nN 
2 ve fairly consis then 
ae Ae acetic acid, with tiltration and weighing of the precipitate, ga Ree 
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| Second | Third F ourth Labo- | Weighted day 


| 


Number of determinations ¥ 


Cons 


® § 
Te 


Number of determinations “Rik 
Contents Maximum. 0.023 


0.012 0043 | “1.0 


Number of 


= 


or 


Oxyesn, O2 


0.00001 0.0001 | 0.0001 


760 hse 400 


— 
|... | foo |... | | os 
- Number of determinations 
ie 


Teactive compound. 1 It quite that the sludge usually 


 FeS+ CO; = 


- the value of K is computed to be 10-*. This may be i in error by as much . a 
factor of two due to uncertainty in the solubility of ferrous sulfide. = 


a ag If the gas and sludge liquor were really in equilibrium with both a 


a sulfide ‘and ferrous carbonate, and if the gas contains about 30% of carbon — 


“Higher v ‘values might be expected | if f there i is insufficient + opportunity f for ‘reaction 
the sulfides to gain equilibrium with the Fe COs. Low values ‘might be 
- found if a trace of air should get into the digestion tanks, because e conditions — 


be favorable for a oxidation of the sulfide. 

a3 the hydrogen sulfide was less than one- cerevrenbery the computed value. ae or- 

tuitously, the average concentration of hydrogen sulfide is is in fair agreement 


with the v value of 0. 003 per cent. |The most that can be concluded is that, 
ating factor, holding the percentage of hydrogen sulfide within limits. “ 
According to theory, the concentration of hydrogen sulfide should 
pendent of the hydrogen- ion concentration as long as both iron yn compounds are : 
present. H Hence, it should be the same at all stages: of digestion, except 
: small changes i in the percentage of carbon dioxide. The data ‘show no pro 
nounced trend in the percentages of hydrogen sulfide by stages. 
oe Analyses { for mineral ‘sulfides 1 in the > sludge sh show an increase of 153 Ib per 
ydrogen sulfide instead of 
a - being combined with iron, it would be equivalent to 0.7% of the gas. How vever, 
even if 1 no no iron were present, approximately ¢ one-half this hydrogen sulfide w would 


From the known solubility of hydrogen sulfide in water, it i is calculated that 
liquor in equilibrium with gas containing the average concentration of 
sulfide (0.0043%) would contain about 0.13 ppm of free hydrogen” 
--sulfide. The total dissolved sulfides, calculated from the pH-value and the 


constant of hydrogen sulfide, should be about 0.3 ppm. 
10 Zeitschrift fir Anorganische Chemie, Vol. 65, p. 136 (1909). 
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the percentage of hydrogen sullide in the gas trom a sludge containing 
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6 ‘hich in one: case, was found to contain 0. 058% of —— niin must have 
me from liquor containing about 4 ppm of sulfides. 
: Carbon M onoxide, H ydrogen, and Phosphine.—Carbon. ‘monoxide was deter- | 

mined by the iodine pentoxide method, and “hydrogen by combustion 


palladium catalyst and weighing of the water. These methods do not posi- eg 
" tively establish the presence of either gas; they do establish upper limits for | the 


concentrations. Phosphine was determined by oxidation with bromine water — a 


st subsequent determination of the phosphoric acid. The presence of phos- 
. phine in sludge gas has been suggested by other writers, , but apparently has not _ 


been determined . The q quantity is a mere trace. 


centage ¢ of NH; in the gas. _ Table 16 shows the calculated NH; content of the 


in equilibrium with the various liquors which were analyzed. 
PUTED VALUES OF AMMONIUM CONTENT “ 


‘Ammonium 
| Hydrogen hydroxide, of j 
ion con- | NH,OH, in ammonium, 
tion, pH million of 


33 
2.74 
4.430 


three days additional digestion . 


po The analyses of sludge liquors : were made i in all cases on a the liquor asco ay 


An's, 


- tion of the liquors i in the seni: _ The gas f from any tank would be expected io a 
be intermediate in ‘composition | between the gases in equilibrium with the 
liquors entering and tank. Tt is is upon th this basis that values ues shown 


through acid solutions and ‘subsequently adding p potassium 
KOH, and distilling and titrating. _ Two. determinations gave 0.00088% and 
0. .00093% as against the computed value of 0.00062 per cent. 


 Olefines. —A volume of 1 800 liters. of, ‘gas from the first stage was 


and the and receiving were washed with ; 
tion of the ether solution left 2 or 3 grams of strongly lachrymatory solid and 


the gas contained | ethylene, ethylene ‘dibromide should in the 
product. An attempt was made | to remove e ethylene dibromide by vacuum 
distillation, but none could be obtained. If it was present, it certainly did not 
exceed 0.01%, and probably was not than 0.001 per cent. 
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concentration of ammonium 10n in the liquor, and the pH-value, 1s possible to 
compute the concentration of ammonium hydroxide, NH.OH, in the liquor. 
From the known solubility of ammonia one may compute the equilibrium per- 
; 
— 
— 
— 
| 
— 
| 
3 
= 
Ba 
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q 
MULTIPLE- STAGE SEWAGE SLUDGE DIGESTION Papers Nor 
4 8 solid portion. of the mixture a small quantity of a compound ¥ was -erystallized 2) : 
which was identified as , 2, 3, 4 tetrabromo- butane, showing the presence | om 


 buta-diene (CH: : CH CH: CH:) in the gas. However, the proportion o 
this: olefine in the § gas did not exceed 0. 1% and possibly was. not more tat 
Other ydrocarbons. sample. of gas was analyzed by the research 
ae _ tory of a local oil company to determine the possible presence of hydrocarbons — 


other than methane. 


NS 


Nitrogen. —The usual method combustion in a combustion pipette is 

; satisfactory for determining quantities of nitrogen of the order of 2%, or Tess. 
apparatus was available for more suitable methods. __ 


ik Facts previously ¢ cited lead to the belief that very little nitrogen is present eS 


. n the ¢ gas. “Analyses of sludges to and from the ‘digestion system did not indi- | 
a? cate any loss of ‘nitrogen from the sludge. _ Laboratory experiments indicated 
that the loss, if any, probably did not exceed 17 ; ppm. | If this loss went to A 
_ elemental nitrogen, it would amount to to 0.12% by volume of the gas. Atmos- : 
eo —_ nitrogen dissolved i in the sewage (not included in the nitrogen analyses) — 
would be gassed out, and under the conditions prevailing at this installation 


aii 


ff “would ‘yield about 0. 09% of nitrogen in the gas. No other sources of nitrogen — 
in the g gas are e apparent, except atmospheric contamination, and ordinarily s such re 


ethane. Samples ‘of the | gas were passed through a a of caustic potash 
absorbers to remove the earbon n dioxide, and the density « of the residual gas was = © 


determined. ‘The. density of pure ‘methane relative to air is 0.5544. Eleven 


determinations of the density of the methane fraction gave values from 0.562 
0.577, with no consistent differences between the different stages. The 


BAC average is 0.5678, 2.4% greater than the density of pure methane. The higher 
eet hydrocarbons known to be present should raise the density of the methane * 
fraction about 0.6 per cent. The remainder is due 


various other unindentified constituents. 


Results of a 4- -yr yr study of the di four-stage digestion system 


. : er disclose that, with a nominal detention time o of about 12 days, a reduction of : 
47% of the organic matter. added was achieved. ‘The sludge produced dried 


satisfactorily v w vithout odor or fly nuisance, and showed no appreciable difference 
a in drying characteristics when compared 1 with sludge digested t three times as Jong. 


ats (2) ‘The results are also quite conclusive i in determining that agitation by 4 
mechanical equipment is not needed in separate sludge digestion. 


ig _ (8) Controlled : seeding of raw solids with digested sludge, as ‘accomplished 


in the multi-stage process, be a factor i in ‘efficient digestion. 
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3 (6) The presence of Telatively large quanti fi the ap- 


ears to have no deleterious effect upon the ‘digestion p process, and is beneficial 


| in holding the concentration of hydrogen sulfide i in the gas toa very | low value. it 


No ‘nitrogen is lost in the digestion process. A ‘portion i is ‘converted — 
_ into soluble form and appears i in the sludge liquor . The quantity remaining i in 


the solids is approximately proportional to the organic matter ia, 2 
- (8) The gas from the first stage is not ox ek, inferior to gas from the Sgt 
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Synopsis 


investigation of t th 
jure on 1 
reviewed. Although the experiments are 


“hoped that the 


4 


subject i is presented under main headings: Part 


principally with the tractive force required to ¢ cause initial movement of 


. ‘the | laboratory investigation by: the writer is described in detail, an e 


for critical tractive foree i is ‘aoa and the results obtained by: other in 


Part II deals with the laws of transportation traction, and Part II, ‘with 
the laws o of transportation by suspension. In each case the writer’ -experi- 


- ments are reviewed briefly, while the n major part of the presentation consists 3 of 


theoretical analyses and discussions of the work of other experimenters. For- 


rs mulas are suggested for making 1 rough | estimates of the traction load and the 


: suspended load i in either natural streams or regularly shaped channels. The 
er is an abstract of a thesis? entitled 


tractive force for T a series of uniform sands 5 of various sizes, and to oe 

the relation between the variables involved. 69 x 
the relation between the variables involved, 


Nore. —Discussion on this paper will be closed in March, 1938, Proceedings. 
; : jPchaes: of the Board of Trustees, Nanking, China; Research Student, Victoria Univ., “Manchester 


* The thesis has been submitted as a partial fulfillment for the degree of Doctor of Philosophy to the : 


a“ oria Univ., Manchester, England. Original copies are also filed with the Board of eames ay Nanking, ¥% 
China in the Library of the Hus Univ., Peiping China. 
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The laboratory flume appurtenances shown in Fig. 


Rx different arrangements © were. possible: (1) A uniform channel, 18 ft long : and | 

12 in. wide; (2) a uniform channel, 18 ft long and 6i in. wide; and (3) a uniform <a 

§ ‘channel, 12 ft long and 12 in. wide, followed by a 6-ft length of channel con- — on 
erging to a width of 6 in. at its d down-stream end. The convergent section — 
was as provided ino order to locate more exactly the point (and, hence, the velocity) a 
The point-gage, Pitot tube, and templet 
“for smoothing the bed were arranged ' ‘to slide on rails on top of the flume. gale 

point-gage could be read to 0.005 The dr drop in water-surface 


elevation from point to. point along the flume was measured accurately by 


a. 


Fra. 


zontal. This of the apparatus produced a magnification of 


es 1 when a= = 


in the feed-pipe o or, in n the tank at the Pe of the 
to _ Short match sticks, weighted to float vertically, were used for observa- ma 


_ tions of surface velocity, and a Pitot tube connected to a toluene gage peated : 


of sub-surface 1 velocities at any desir ed 
PROCEDURE 


4 
3 

— 8 

— 
gto 0.01 mm. Proper corrections were made for temperature, 
«Be _ Which was 0 served on a mercury thermometer in contact with the gage. a oa 
= 
— 
4 
— fo ee feature of the present experiment is that the bed of the flume a Hest 
. <a instead of inclined to the same slope as the water surface. ee 


‘twelve. commercially sieved mples_ were tested 


it is entirely pyle 


FLUME TRACTION | 


ning of uniform 
"flow and parallel tractive force, but the 2 necessity for ‘it is doubtful. — In model 
"experiments the slope should never be sufficient. to ‘produce § shooting flow; 
the permissible limit, for depths commonly used, is about 0.002. _ The actual 


velocity | required to initiate movement of the samples used in the present 


was much ‘smaller than that to the limiting slope, 


fies smaller than the deviation ‘ake. static : readings from the = 


gage, was: neglected. a riffled bed, : any such correction is meaningless, 


: for the surface waves are of of the same order of amplitude as the riffles. a 


n ‘opp a test run, the bed material was placed i in the py wetted 


in shallow depths). After the flume had filled sufficiently, the test 
run was | begun, the depth of flow controlled by t the | weir plate 


When sand movement began, ‘water discharge was constant f for a 


while to make sure that - the: movement was due to the drag of the flow rather = 


oa than to local irregularities. . Then the flow was increased a little to generate 


stronger movement of the bed. This procedure ‘was continued until data for 
“general movement” were obtained. (The term ‘ “general movement” ” applies 
to that condition i inv which grains of mean diameter are in ‘motion s so cea * 


In the) uniform channel 1 the slope of the water surface can be | measure 


direetly by the differential gage; in the section the slope varies 


NICAL Properties OF Test SAMPLES 


sample consisting of grains of more or less uniform size. . The average grain 
diameter varied from 8.090 mm for the coarsest sample to 0.134 mm for the 


The principal mechanical properties are listed i in Table 1. 


The method of determining the grain diameters r requires some explanation. “y 
For each sample, 150 particles were selected arbitrarily and examined under 


microscope. The two diameters, Dz, are those lying in the 


parallel to the horizontal glass, a nd were measured during this e> 


the coarsest materials, D, and were measured by the image 
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the. grains on to a screen. The diametei 
grain. Ih general, the shortest of the three, Ds, cannot be measured. under 


Cah 


te microscope, , and must be computed from the grain n volume, as measured — 


by the displacement of a definite number of gr 
TABLE 1— MECHANICAL PROPERTIES or Test SAMPLES 


Sample Specific ‘volume of 1 longest to number of 
* 
“timeters diameter) and cubical 


= 


Be 
Or 


ed 


wy, 


> 


Determined by displacement of in gravity bottle. 


Separate of the white particles of the pumice About 95% of the pumice 
— and collected in the settling tank, and practically all the pumice particles in suspension, were _ 


tation, the general : shape of the grains ‘must be assumed. Each sample 
peared to be ‘ecenponen of grains of two general shapes, which may be designated — ne 
“spherical” and ‘ ‘eubical,” respectively. "An examination « of about 50° 
Emm by eye permitted 2 an approximate determination of the relative number — 


. » 


of grains of the two shapes. _ ‘The demarcation i is not definite, and the estimate — 
Cott (9), Table 1, is rough, but it does permit the computation | with» 


-Teasonable accuracy of Ds, as well as of the mean diamete r, D, and the ratio, — vi 
0, of the longest to the shortest: diameter. For grains the volume of 


was not measurable, D \ was ‘assumed the mean of 


in a The ‘uniformity ‘modulus. of the samples used in this 
experiment was a ‘Tough | plotting of 


Equation OF Varrep FLow 
As many observations were in the channel, application 


is necessary to evalu ate e slope 


3“Sand Mixtures ind Sand at i 
Val. 100 (1935), p. 798. 
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= 31 
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he __ The uniformity modulus, M, has been proposed by Hans Kramer,’ M. Am. a as 
h 
4 
t 
Te — 
A. Bakhmeteff, M. Am. Soc. C. E., N. Y., 1934, p. 24.0 
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The ‘Manning formula, with R bys may written, 


and n are. known, can 
ods of Experimentally: Assu 
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brass bottom to have the same e roughness : as the glass, observations ‘on 
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— The lass sides) an 
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he relation holds provided the bed ai and sides of the channel are 
gt Results of Methods (1) and (2) proved to be in reasonable | agreement, yand 


gave a mean value for n, of 0. 0103. : 


= In the present “experiments, there are two cases of uniform flow 
non-uniform flow. The corresponding equations for are: 


+2 d) nit — 2 = 2 d) nit — 0. 00208 d 


4d) — = : [( 1+ 4 d) — 00405 aps 


—For the convergent channel (any width): 


(B+ 2d) — 0.002080] 


This expression is identical to one derived independently by R. Horton,® 


q M. Am. Soc. C. E. He extended the > method to a . trapezoidal canal a 
for which he gives the ‘equation: 7 5 


and z is the ratio of the length of one of the sloping ‘ete 
to the width of the bottom. . This fe formula is particularly applicable le to natural 


get 


canals with different roughness of bed and sides. 


or the twelve: test. samples are given, , with other: 


BETWEEN MANNING’ Sm AND § F PARTICLES 
Manning’ equation is dimensionally sound only, if the friction not 


has the dimension of (length ve, Tt will be shown later er that the . Chezy co coeffi- 
ier t al to (2), erati 
nt is equal to. eyes in which g is the acceleration of gravity and x, the — 


of skin friction, a dimensionless factor. Henee, Cis sof the 
“Expressing Manning’ s nin terms of C,n = = Rus, Since nis 


eamline ond. Turbulent Flow in Open J. Allen, Vol. 17, 


New Separate Coefficients for 
Vol. 111, 1933, pp. 


§ “Str 
934 


¥ ient in terms o — 
me i ula for the roughness coefficie — 
J. Allen® has derived — 
_Revnolds number, which r 
— 
= 
eandone 
and 
— 
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henee, nis of the The ‘experimental (6) 

3 2. —MAnninq’ S FOR SAMPLES 


he, (Experiments: done i in a uniform channel , 0.5 ft wide) pect a 


= | 


0.0160 0.0276 «=| «(0.0258 
1.046 (0.332 0.0161 | (0.0258 
1.000 | 0.33 0.0148 «| «(0.0222 | 0.0225 
0.950 «| (0.32 0.0152 (0.0227 | 
1.041 0.88 0.0148 «| «(0.0225 0.0222 
0.948 0.32 0.0210 | 0.0210 
0.00119 | 0.666 0.28 0.0211 | 
0. 00019 0875 | 03 0166 3 0.0166 
0.00066 | 0.492 | 0.2 0166 ee 
0.000133 0.960 | 0.3 0141 | 0.0141* 
0.000166 | 0.736 | 0.2 
0.817 | O1 (0.0127 | 0.0128 
0.837 | 0.1 0.0129 | | 
| 
0.282 | 0.0129 0.0134 
(0518 | 0.1 
0453 | 0.161 0.0120 | 0.0120 
0438 0.0113 «| 


which D “4 diam eter of the grains the surface layer, in milli 
§ ‘meters. _ Logarithmic plotting of the values of 9 n for the samples shows exceed- 
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‘ingly good coincidence to Equation (7). The equation of the straight line best B tr 


‘The: in the ‘value of the constant is probably the different 


conditions « of uniform flow at q, the tenchive. force unit 
ae opposed to the bed resistance is my 
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‘The presuppose an 1 infinite width of 
f Referring to Fig. 4, the total tractive force in an irregular channel i is 


ot d, in Millimeters 


Water Surface ~ 


ot 


a case the average 


ch’ suggested 
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Manning n foe the bottom and the sides, iis the over the vertical 


Strémungslehre”’ by P. Nemenyi, Leipzig, 1084: or, "Ober Sehle kraft und Ge- 
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of the When ni and i= 0, = 5} 


Assume the flow to be non- “uniform but accelerating (the flow i in the flume 


with horizontal bed is of this kind) in a channel of infinite width (Fig. 5). 
The change in energy between » two sections may be expressed a as follows: a 


Increase of kinetic energy + work done in ‘overcoming bed resistance = 


a column of water of unit volume: 


— in which Ti is the tractive force on the bed, assuming that as friction al loss is 


to bed resistance. Neglecting higher orders of the derivative tha n 


wy sin Qo wy 
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in q is the per unit ‘width of 


— 


orm flow, sin ¢ a@ = siN a = 


ati 


= 


; th vith comparatively sn ‘small velocity, the tractive | force 
= a bed is one-half that on bed with the same inclinatic 
the surface. In ease sin = 


SuaeEsTEp EQuaTIoNn FoR CRITICAL TRAC 
‘The tractive force, To, has been ¢ defined as “that tractive force 


which brings about general movement of the: average grains of the bed ma- 
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terial. This force, which is is constant for a certain material, is not determined a 
either d alone or alone, but by a constant product, wSd.- Considering 
the tractive force as a function of the mechanical properties of the bed ma des S 
ies terial, i it can be written, To = F (grain size, grain distribution, grain form, — a 
apparent. weight per unit volume in water) = F (D? p in which 
Manning’ s n is assumed to be a function of the size and shape of the grains. — B 
has been shown by | Kramer® that tractive force is inversely proportional 
to M, which is a pure ‘numerical ratio. Victor L Streeter, Jun Am. Soc. 
, has ‘suggested that the coefficient of roughness varies directly with» 
the depth and slightly with the interval of the grooves; for larger and more 
- irregularly shaped grains, the grooves on the surface of the material would be 4 
expected to be deeper and larger. Therefore, it can be assumed that nN, having 
Ss dimension of (length)*’*, takes the place of sa ,- By the method of dimen- 
analysis” the following exponentials may be equated: 1 = y; 
m Manning’s formula, vever, the tractive force, 


is proportional to the therefore, Ty = c p, 1 in which cis a constant, 
a 


which i is cor 
CrittcaL Size oF SAND FOR Tractive Force RELATIONSHIP» 


__ Table 3 shows in detail the observations made on a typical sample | ee 


determine the critical tractive Table 4 summarizes the Tesults 


smoothly; for. less then that size the are better fitted by a line 
inclined at approximately ‘ 26.5 degrees. This fact indicates that there is a + 
critical value of the function, pe D oW8, above which iti is directly proportional oa i= 


It happens that these two lines intersect at the value of T> for 


“Frictional in Artificially Rousbened Pipes” 
E., Vol. 101 (1936), p. 681. 


— 
pherical 
is 
— 
i d to b ity for uniform material 
eainst the values of p, D M being assumed to be uni that for sand of 
i or a constant for uniform distribution. _ It will be note hat fo — 
) 
0 = 1.0. 
inwhich = 1 for° —* D greater than 1, and for 
, by Victor L. Streeter, Transactions, Am. 
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ION (OF ‘OBSERVATIONS ON A YPICAL SAMPLE * 


feet feet | feet per secon er secon 


0.3615 
0.3265 


0. 0. 175 | 0.0870 


_| pounds per | pounds per -Movement 
General motion 
General motion 
General motion 
General motion | 
Occasional motion 
Occasional motion 
General motion 
General motion 


| (0.00562) 
00558) 
0.00681) 
"0.00420 
©. 0.00617) 


General motion 
Occasional motion 
General motion 


hats 


00226 


0.00395 
= To 


nit = 0.00116 B +0.00208 d_ 
= | for channel of horizontal bed. 
| The values in parentheses are taken to compute the mean value of the critical tractive force, Te. Fi 
TABLE —Mean OF CRITICAL Tracrive Force For TEST 


meters BP square foot square foot 


8.090 
6.540 
5.290 


0.3620 
0.2780 
0.2220 
0.1830 | 
0.0970 
0699 
0.0827 
0.0143 
0.0114 
0. 0098 
0.0142, bs 
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0.5 For spherical g: grains, therefore, D 0.6 mm 
In other words, for ordinary quartz sand grains larger than 0. 5 to 0.6 mm _ ae 
mean diameter, the critical tractive force is proportional to; Pe D ols, for or smaller 
it is to the square Toot of that function. 


= 


f To, in Pounds per Square Foot 


20 


NTAL BED; M 
Pertiner nt data from all available are 
_ Table 5, and plotted i in Fig. 7, with the 2 uniformity modulus taken into account. 
i values of o are not available and are considered unity. ss To reduce to the © 
— condition of uniform flow, the value of T» of the writer’s experiment should be | 
_Teduced to one- -half; but here, instead, the numerical values of (pe D o we) have 
doubled to correspond to a uniform modulus of 0. 5. Here, again, the 
--Tesults : suggest the existence of a critical size of sand with 1 respect to the critical 
; _ tractive force e relationship, although t the demarcation of the two lines is, in this 


case, by no means distinct. A reason for this Tack of definition will be ad- 
The t 


e uations for To, represented by the rae on re 
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“RACTIVE Force D TER: 


Various INVESTIGATORS 


per square | 


0.01538 


0.11160 
0.05400 
0.02318 
0.00903 
0.00574 


0.00492 
0.00574 
0.00656 


0.01046 
0.00861 
0.01190 
0.01148 
0.00492 
0.01148 
0.01025 


0.02050 


0.00800 


. Kramer + 4 
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1.055 
1.610 
8.660 
13.600 


Vatuec of T. in 
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ter 


0.00510 
0.00767 


Refe 


+ o assumed unity for others than the writer’s result 


alue of J M = } be substituted in into 
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‘The nu erical coefficient in Equation (21c) is abo 


Equation (20), showing that the tractive force needed to ona 
sloping bed parallel to the water surface is only one-half that needed on a eae 
horizontal bed. it also indicates that the uniform modulus, has 


tion ‘su egested by Kramer for critical meee force is, 


| 
— 
700 
336 — 


een modified iby the United States Waterways Experiment 9 


It is clear that both formulas are derived from the same ‘if both are 


-right, there must be a criterion separating the available data into two 7 
satisfied, respectively, by Equations (22) and (23). In this connection it is 


_ interesting to note the following quotation from the Station’s report: AS 


“There must be some limiting size of particle at which the larger size no — 

ie: longer moves first, and above which the finer materials are the first to be placed — 
in motion. While no data were recorded in these experiments which would tend — 
to locate this simeene size, it is believed that its value is in the vicinity " 


a paper by Morrough P. Brien, "Asse. CE the of 


- pe D o'', taking o as a dimensionless ratio, is correct. | In case it is proportional © 
top. D el the coefficient by which the function i is multiplied will no longer | ‘i 
be dimensionless. - The turbulence of the flow is suggested as an explanation of | 
i this variation. — The action of the tractive force on the bed material is equiva-— 
lent to the motion of a fluid resisted by a tangential stress at the wall in a eal 
nel or in a pipe. «Ati is reasonable to presume that this unit st stress, 7'o, will be a 7 
function of the depth, d (or hydraulic radius, , R), density, p, and : 
velocity, V; that i is, To = d* ue V*. By 
form ¢ of this fu on? j is found t to be 


1 


pee 


oO. 


“of th the wall. For flow, the value varies 75 for 
extremely smooth channels to a maximum of 2 for channels which are rough. 


= Ki V, and for k = Crp = These 
, and can be expressed in in the 


ya in 1 which a= lor 2. 


 Tractive in turbulent flow varies with the square of the mean velocity, 

cease tractive force in laminar flow varies directly with the mean velocity; 
” consequently, if it is reasonable to presume that the tractive force in turbulent 
flow is a certain function of the sand, then the tractive force in laminar flow will 


_ _ .9“ Studies of River Bed Materials and Their Movement, with Special Reference to the Lower Mir 
sippi River”, U. 8. Waterways Experiment Station, Paper 17, 


10 ** Studies of River Bed Materials and Their Movement, with Special Reference to the Lower Mis- 
sippi River”, U. 8S. Waterways Experiment Station, Paper 17, 1935. \ 

Notes on the Transportation of Silt by Streams”, by Morrough P. Brien, Transacti v8; 
12‘* Modern Conceptions of the ‘Mechanics of Fluid Turbulence” by Hunter Rouse, Assoc. M. Am. 

Soe. C. E. Am. Soe. C. E. ‘ 
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e the s square root of the same function, because in such flow the ceisiilian 
is equivalent to the Teaction of the stress due to velocity. 


1 — 
8 appear to have a rational justification. ‘Equation (25) also. plotted in 


8. - The discontinuity 0 of the curve is here assumed to occur at the same i 


f T> and 1 


im: 


alues o 


mri 


‘Values of v ana 


ordinate as that of ‘the curve shov ving the ‘ieccamihes stress relationshi 

regard to the latter. curve, there is a zone of uncertainty in 1 the transition region 
between laminar and turbulent flow. yo: the relationships of tractive force — 

vith velocity and sand erp are justified, there must be also a zone =. 


are not definite. 


Assuming 0 0.01 1 to be ‘the average value’ of experi 
= 600; while Allen® gives 1 400 as the lower oriterion. yor ~The ‘upper 


qriterion i 18 “uncertain; according to the writer’ 8 experiment: it may be as much 


as ten the ‘value e of the lower criterion. (As shown i in Fig. 8, ‘the zone of 
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he f ) same problem may be explained from anothe 


(2) When the glass- sided flume used in experiments bed 
mat terial leveled on the bottom, Manning’s ng , for the sand can | be computed by, ‘a 


‘The between Manning’s s n and the mean diameter, D, 
millimeters, of the grains is well expressed by Equation (8). 


(4) For channels in which the ratio of width to depth is less than 30, isd 
Ris Equation (12) may be used to find the tractive force on the bottom of either — 


ae (5) Water flowing : at relatively low velocity in a deep aaa with horizontal : ‘ 


~ rh 


* 
an & 


bed exerts a tractive force on the bottom equal to approximately one- half that — t a 


exerted in uniform flow. In other w words, the resistance to motion of particles 


one a horizontal t bed i is nearly double their resistance on a sloping | bed having: the = 3s ; 
A. complete formula for the critical tractive force in terms of 


mechanical properties of the sand is Equation | (25). 
ee ef ‘There is a critical size of sand at which the power index theoretically — 
changes suddenly. For quartz sand the c critical mean diameter grain is” 


about 0.5 ‘mm. Turbulence of flow best explains this criterion. 


The on transportation by traction were performed in the flume 
ae 4 ft wide. _ Damp material was placed on the bed and leveled. - Water was ; 


then admitted ‘gradually, to the desired depth; and the flow was adjusted to 


Bes condition just above that causing general motion. The period for measuring aS 


sand discharge—that is, the time between inserting and withdrawing the col- 
lecting bucket—was chosen to be > nearly that during which a constant rateol 
sand movement prevails. — For small sand discharges a long period is desirable 3 
_ for the sake of accuracy. For greater discharges the period sk should be as short 

: as possible, since the ‘eaiebe of the bed changes its form from instant to instant. a 
_ The dry weight of the collected sand, divided by the measuring period, OE 

oe _ The sand was fed automatically, but not accurately. A box, 18 in. . by 6 in 
Bee by 6 in., filled with the sample material was supported on a rotating ‘shaft 
connected directly to a motor the speed of which could be roughly ¢ con- 


a x trolled ea a resistance composed oflamps. In the middle of the box there w was a ‘ 
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bafile-plate that could be vertically by ser screw 1 
sand, therefore, could be approximately adjusted by the opening of the 


4 
baffte-plate, ‘through which the sand was sliding. The criterion to adjust the 


- feeding, however, was based only upon the visual observation of the > movement — 


ei The depth | measured was 1 in all cases the depth to the original smooth ; 


Slope ‘measurements were made as in Part I. With the higher 


owever, more trouble was experienced in attaining a stable reading. As ae 
riffles developed, the di differences of readings on the differential gage increased — ; 
suddenly, and thereafter continued to increase throughout the run. _ This means > a 
that th the Toughness of the bed was increasing constantly from ‘the time the 
riffles were formed, other factors being considered almost unaltered. However, 
the exact rate at which the slope varied is unknown. The mean value of i 
2 everal slope observations, taken desirably at ‘equal time intervals, was assumed — 
ts represent the average condition during the run. The length of time of + 
collection varied from 15 min to 11 hr, depending the intensity of 
5 - movement. — During each run, at least two measurements of f water discharge 
; were taken, most of them directly from | measuring tank. Types of flow could” 
>: be easily distinguished with light on the opposite side of the glass flume. Pi 


i=] 


i different stages. _ Riffles usually appeared first on the bed at the two ends of 
the channel, , indicating disturbances in those regions, and at isolated points 
there were reirregularities of flow. Their formation could not be 


T he os originall derived by du Boys" i in 1879 i is of the form: e a 


— 
— 


written i in many other forms by means of few. 

Manning’s formula.'® The derivation nof 

Equation (26) was based upon the as- 

sumption that sand is moved in layer 
subject to o uniform tractive force, and that 
3 the velocity gradient in the moving sand — 

“layers j is linear. The coefficient of fric- 

ion of sand in water is also considered 


constant. According to Fig. 9, the sand 


J Equation 
the > critical | tractive force. by The total tractive force ‘consumed per unit area 


of sand is, w Sd= f (y - = w) nt, in which f is the coefficient of friction of the a 
: - sand in water; n, the number of layers of sand, which depends on the tractive _ 


2 


Hydraulic and a Rivers”, G. Assor. M. Bos. C. é 
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|e 
| 
— 
— 
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yeu — 
ractiveforce 
ne 
= 
ng — 
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of 
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— 
— 
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foree and the sand properties; of each 


of sand transportation i is, 


No layer will be moved on which the. force is less ‘than the | critical tractive a 
required ‘to overcome the frictional resistance of the bed; therefore, 


f (y —w)t.- Hence, n To = w d, 
2 


=] n 80 that, 


1 


tion (28) indicates that t transportation of not occur “until” 


thereafter, the rate of transportation be approximately 


+ 


“ve 


proportional. to the fourth power of the velocity. 4 
i - The foregoing derivation applies only to the case in . which materials are 


< being dragged on a smooth bed; load due to saltation, which is closely associated — 


with the formation of riffles, is not included. the derivation is not 
very sound, the resulting expression checks well with most experimental 
7 formulas, and is satisfactory for estimating sand movement i in natural strean ns. ‘ea P 
Sano Movement TERMS OF ADVANCE OF 


foregoing discussion applies only to a smooth bed. ‘For a riffled 1 bed, 
i a better interpretation is not yet practicable. an 


ee i In this paper, the | velocity of sand movement is considered to be the same 
that of the progression of the rifles. Of course, this assumption is only 


gaa applicable in the velocity range i in which the riffles are progressing in a sel 


stream direction. The plotted results (Fig. 10) of the experiment, although 
j e _ the points are considerably scattered, could still indicate the following relation JR 


both velocities hoing i in feet per second. (The inclination of the lines is not ¥ 


absolute, because of the scattering of the plotted points, k but they are approxi- ka 


“Rey ere consistent to one another. ) It is interesting to compare these results 
those of Owens and Deacon.!* The former gives G « V*, whereas the 
latter indicates © « V4. According to Gilbert’ s!” observations on natural 
streams: the ‘power of Vis much less than His formula, based on flume 
tests, is, however, of the form G « V4. Such deviation could probably be 


1%“ The Settlement and Transport of Sand in Water’’, by J. S. Owens, Engineering, 


17*The Transportation of Débris by Water”, G.I Gilbert, 56, 
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is is when the rifles are the largest. 


Very roughly it can be set forth, that, ait. 


Ga [ (height of riffle)* x (velocity of riffle)*] 


assumed that tl the size of a riffle, is equivalent to that of a grain, 


re 


Velocity of F per Se Length of Riffle, 4, in 


and, consequently, that ; Manning’ sf n isa direct measure of the size ¢ of the riffle, 
then the quantity of sand moved must be also a function of, the size of ie <4 

-‘Tiffles. The United § States Waterways Experiment Station found"® also that 


size of the rifles increased with the of fine’ material in the 


— 


+ 


in bed-load movement. It has been shown ‘that Manning’s 


function of the size of the particles to the one-sixth 


3 e ‘in dicate that there is a general increase in the value of Maoniae’ s n with an = 


it 
is 


“a 


38 


4 
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‘Values of T(T- 


TR 


“of at values of n is due to the restraining of the narrow 


as assumed, » the equation becomes: 


sage of channel, 


— 
a 
— 
— 
— 
— 
— 
— 
— 
Chezy’s formula for an infinite w | 


; equation wl 


"Since numerical coefficient in 2) must 


ts 


formula of the du Boys’ type appears 


the present experiment, although the plotted points are so seattered that no 


join them closely. = is” plotted against 


logarithmically, 


the general requirements. . The equations" of these lines for three of the bed 


tested, Tread: 


can be written that 


can 
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4 Sy itserland, on gravels ranging geting: charcoal, the density of which approxi- 


reviewed herein as 


Schoklitsch. —Using additional exper mental dele of his 
mainly the classic flume measurements by Gilbert, Schoklitsch developed the © 
following formula!® of approximately the same 


ND 
in which @ i is the. bed- load movement i in pounds per second nd, D is is pie grain 
3 diameter, in ‘millimeters, and go is the critical discharge to move sand 


unit 
‘idth of channel, in cubic feet ‘per second, of the latter i 


cr 


y a 


mates that of water, and baryta (protoxide of barium), _ of specific = 


general relationship: 


ical discharge i is Q 

8“The Bed Load Formula,” 


as in Fig. 11, lines with an inclination of evidently satisfy 


given by ot other authorities are 


— 
— 
— 
— 
| 
| 
= 
a — 
} Shulits, Assoc. N. Am. Soc. C. E., Engineering, June, 
ng Mesure des debits solides des cours d’eau’”’, par — Ponte ' fol. 8, 


ine 
me density but of different diameters, and with diff ff sie peered Swiss } 
have arrived at a relationship of theform: 


~The final expression by Gilbert?” for bed- 


which F is a shape factor, which is : constant for a given ratio of depth to 
width of channel, and / k, a, and b are constants. _ Those notations with the sub- — 
‘script, 0, are for ‘competent conditions to cause transportation. 
—United States Waterways Experiment Station. —Data on the ‘Tate of 
sand movement obtained from experiments at the U.S. Waterways Experiment 
Station” conformed to the the formation of 


contradiction of ‘Equation (39) with that of the Wik 


é the Teciprocal arrangement of Manning’s n. In Paper No. 17, of the ad 


4 ‘ment ‘Station, it ‘been concluded that “in general, the finer the sand 
and, consequently, the higher the value 


~ 


= a ‘certain function of D; therefore, the sand m movement is greater for fine Ai 
if the finer material i is more favorable for higher riffle development, — +4 


= 


‘This, again, 


_ _ 20“*Neure Versuchsresultate tiber den Geschiebetrieb”, von E. Meyer-Peter, H. Favre, und A. 
stein, Schweizeritche Bauzeitung, No. 103, 1934, Professional Paper 86. 


Uber die¥Wechselwirkung zwischen Wasser und in Flussen”’, von F. M. Exner, V Wien, 


3 a II —Meyer-Peter— —In studying with gravels of the 
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Me a 
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poll it 


hey range 100 to 1 000 and 25 to 2 2.00, respectively. 


—H. N ‘akayama-- —With certain | restricted conditions, possible varia-_ 
tions of bottom slopes, discharges, modes of flow, ete, were ¢ 
the ttn. 

in which to | small with: B 


3/2 = 
Jeo 


Institute of Technology| on sands bigger than No. “mesh (d> 0. 5 mm), 


s. D. Chyn* has obtained the following formula: 


2 which vi is a function of the sand. i ‘The ‘exponent, ; P; being a function of 


-Manning’s , has three distinct. values for any one ‘material, corresponding, 
. ceastidhk to a smooth bed, to a bed being dragged, and t to a riffled bed. 3s 
That is, before riffles have developed, p is a function of the diameter of the sand _ a 
a after their formation, it is a function of the size of the rifles. Jt 


TE —F. Schaffernak. —Materials used in Schaffernak’s®® tests were obtained | 


the Danube River; experiments were Performed both on samples of 

uniform size and on definite mixtures. — The tests indicated that after the 

critical bottom velocity i is ; exceeded, the capacity of transporting sand is directly ‘ * 

proportional to the ‘square of the bottom velocity. In connection with the 

possible application to conditions in natural streams, it is concluded that oo 
“e “for granular materials smaller t] than 5 mm, in a natural stream with surface a 


slopes remaining approximately c constant, du Boys formula is applicable for 


- 2“*Bed Sediment Transportation in Open Channels”, by C. H. MacDougall, ‘Transactions, 


%**Some Model Investigations of the Motion of the Sand Along a ‘Belf-Formed Channel,’ vi by H. 
_ Nakayama, Journal, Faculty of Engineering, Tokyo, Vol. 13-6, 1923. 


unpublished communication with the writer, 
% “Neue die Berechnung der r Geschiebefihrung i in Flusslaufen”, 
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ot bu ESTIMATE OF Brp- IN A River Section 2 
general formula (Equation (20)) derived can be a applied to 


ae a natural stream for a rough estimate of the rate of its transportation. 


Further, | it has been shown that the critical tractive force is constant for a A 


i 


Center of_,- 


a 


of bed material will take place at and below the depth, 
—_ is, on the surface, C E D—and that there is no motion on the sides, 0c 9 

and DF. Actual observations by ‘Kurzmann”’ support this theoretical con- 
"sideration. The area, AC E DB, is thus cealled the effective area. Using 
the general formula and taking as origin, 


x. . Thee second integral is simply an an area (M+ N), 
= k[M do +2N a) — 
Capacity of Streams’, by Y. T. Sah, Proceedings, Eng. Soc., 


See ““Wasserbauliche by P. Némenyi, 1983, 139. 
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— ABU D, called M, and 
Vividing the total effective area into a rec ang n 
— OF ed N theo Ol 
| 
2 
1s 
= 


d 


from: which it is seen that the qu uantity sie sa 


Abe 
ds. Si since a is approximately equal to 


TRACT 

Spee 

moved is to the 
area below the critical depth, do, times the 


Be _ The application to a | trapezoidal section (Fig. 12 (b)) is still simpler. 
the total effective area of the Ao, the upper trapezoid; and N, 
nw N (de +2 a) ynw S?d(A — Ao) = k (Q — Qo). . 


FE which approximates t the general form of Equations (: 32 


ne 


Fra. 13.—Data oN BY Traction: ‘Fie. 14 
more than t ‘the fir finer. G. Straub? 28 
enomenon in his experiments flume traction. 


Assoc. M. Am. Soe, C. E. 

3 noticed the s same p 

3 - observed that a surprisingly | uniform gradation took place f from one e end ¢ of the 


? 
- flume to the other, despite the fact that the original material | was of quite hid 


_ The cause of this sorting is illustrated in in ‘Fig. 13, which shows two particles 

f different sizes on the bottom of the flume. The velocity distribution curve 

Consider, first, the particles sliding on the surface. — 
ity 


e vel 


is horizontally exaggerated. C 
e vel oci 


in “cmetggend flow the p pressure. on ‘the particle i is proportional to th 


= Observation ns of ‘Sorting of River Sediments,” bL L. G. Straub, Transactions, Am. 


— 
n. 
a 
2 
1, 
ation, at the stage of imitia Tagging: 
ma © rolling, at was observed that the coarser material was being dragged or a ee 
| — 

— 
— 
— 
— 
— 
— 
o hg particle to the frictional resistance of the bec Si 


the ‘velocity curve is parabolic form, v (2d —r), and 


‘if, in addition, r is small ‘compared with 2d,var. If = 24, the: larger 
3 sphere will be moved by a , velocity only 1 414 times as great as that required — 
hee to move the smaller one oe Actually, the velocity, v,, at a distance, 7, from ay 

bed, is likely to be more nearly 2 v2, for the velocity increases ‘almost linearly. yy 
‘near the bottom. Hence, the ‘coarser pa particle i more easily 


nok 


Next, consider particles rolling ‘along. Equating the ‘moment of ‘the 


_ frictional resistance of bed that 0 the water a ‘particle 


a 


that i a=Fr, case, Voi is again (46). 


enita el the sorting is of the mode of movement; 
i 


a large percentage at the coarser constituents is sorted and ‘transported. 


That this should occur can be demonstrated from the a equation, wa x 


due to t the change of Di is in with T, 


Ki 


in which a, and Pp are by weight: of the material 


To have Gi a maximum, differentiate respect to. D, ‘taking 


Equation 48) is the general formula for sorting in sand transportation. x No ote, 
for sees that if the coarser particles are twice the diameter of the finer ones 


rds, 


and = for fine sands), then In other wo 


ro 
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— tw 
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th 
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— ve 
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2S Bee, in which a, as shown in Fig. 13. is called the coefficient of rolling resistance and_ § 
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al 


(Ort 
“third of fine 

‘ ‘mental data. . The specific form suggested i is G= "e 
The advance or iffles is to the fith power of 


4 
(3) Sorting always takes place i in graded sands, irrespective of the mode of 
motion of the particles, the coarser particles moving in greater quantities than 52 
PART —TRANSPORTATION | OF MATERIAL IN 


Suspension was visible in the flume as soon as saltation ‘When 

“aaltation was strong and accompanied by dune of the bed material, 

bands of particles were lifted vigorously and dispersed into suspension. The 

"present observations were usually made under the latter + conditions, and with 

the bed continuously changing, and are, therefore, only approximate. How- 


“ever, the results were consistent enough to illustrate the principles reviewed and e 


a In addition to the data required i in the s idy of transportation by traction, 


“ity was necessary in the p present case to measure the hye distribution « of the 


4 to a flask, which the suspended particles settled to the bottom, 
_ the concentration, in particles per cubic centimeter, was obtained by direct 


; count of the particles and measurement of the volume of water. No attempt 


. was made le to investigate the size of suspended particles Inicroscopically 
these tests, feeding | at the up-stream end ws was to ensure tha 


Borrow 


force just ie effective weight in water. ‘If is the 


- Velocity of flow near the bottom required to roduce this lift, the balance can be ee 


= 
“By 
— 
‘al, 
e 
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iin 
at 
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> 
Ty _ same time samples were taken at prescribed depths by means of a glass tube, a beige 
= — 
7) 
ial 
ng 
| The lifting f on an icle resting o yr he eons d as 
Bix? — 
— 
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‘Comparing E ‘quation (49) with Equatio 


in which fis the coefficient of friction between particles i in wale, “The 


axes occur hear the bottom of the flume. Thus, the phenomenon of 
lifting ¢ can n also be interpreted in a mathematical way”? by ‘‘circulation.” 2 
Since ‘the radius ¢ of the 1e vortex I ring is. sO large compared with the size of the 
grain, the vortex r ring y may be considered as an imaginary large hollow } cylinder. 3 
By the interrelated action of the horizontal velocity and the circulation, two. 


equal forces are created to support the particle; ‘one is due to the change of 


The final form of total lift is p T, in which p and Va are the density. 
of the liquid and the velocity of flow, and | T is the circulation, which i is shown in| 
aeromechanics, to be proportional to V. , This agrees with the previous ne 


that the lifting force is proportional to the square of the velocity. = ae 


in wi rich define by 


8 a constant, Ec quation + he can be expressed as 


the water in a -eylinder, - is of a similar form. | % He considers that i in car a 
dy, the weight o: of the particles will balance the ‘anos s due to the amped of 
fr nd below. The result is: 


i is the absolute mean velocity f 


Jes, Equations (52) dium ‘agreement in that both a ald 


<te » ‘* Distribution of Silt in Open Channels”, by J. E. Christiansen, Assoc. M. Am. Soe. C. E,, Trane 
actions, Am. Geophysical Union, 1935. 

" he en of Sand i in Water”, by H. E. ‘Hurst, Proceedings, Royal Soe ‘London, vai 124, 
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‘tic 
— in 
_ The general equation” for distri ution of suspended sediment 
— 
anc 
— Eq 
— 
co 1s the sediment concentration at the elevation ol maximum velocity. ¢ 
being measured downward from the surface. The equation developed PY resi 
— “dep 
a 
-whigh = dy, and @ = 
tice 
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depend o on the size and peci 

the flow. Inj the closing discussion on his paper entitled “ Modern Coneeptions 
of the Mechanics of Fluid Turbulence”, Hunter Rouse, # “Assoc. M. Am. Soc 
©. E., has constructed a set of theoretical sediment distribution curves based 
on the assumption that the universal logarithmic velocity curve actually — 


: extends to the free surface of a stream. The n governing 


on 


depth: (d - — a), ‘beyond which the suspension with the tractive 
“oad. In the ‘parameter, 2 Z, , k is an universal constant having an empirical — 
i value 0.4 and f is the roughness coefficient of the channel. i comet isa 

Thus, a general conclusion can be drawn that whether the velocity distrib 
is parabolic o r logarithmic, the v ertical of sediment 


3 “plotted do not agree ee with the theoretical Equation | (51), because this Tes 
: is ten derived for a considerably wide channel suffering r no side restric- 


tractive force at the depth. " This i is particularly in aleoun Bottomley 8 
“idea that the silt transportation force depends mainly on the frictional 
r “resistance of the bed, or, in other words, the tractive force on the bed. The 
~ flume used in the present experiments is very narrow and it is evident that the 
depth, d, cannot take the place of the hydraulic radius, Ry, and, therefore 


the exponent, w p ‘ Using a 2 
assuming an average va 
tractive force becomes 


® Proceedings, Am. Soc. C. E., January, 1937, p. 116. 
ay New sigs of Silt and S ur” by W. T. Bottomley, F 


— 
— 

— 

in 

It — 
ae — 

ediment distribution as describ — 

& — 

— 
as a te teas energy gradient, to be practically constant at — 

y, (51) can be written any depth, y, 
52) — 
— 
by — 
ing 
ret 
er, — 
t of — 

(53) 

, 
the 
rer equation, however, will not apply exa 

y exactly in the present case, because 


4 
the exac 


pscmertors is ; unknown. own, , however, th 
the exponent, Tigh fits the experimental data better than any other. 


Bae 

D being expressed i in millimeters and w in millimeters per second. is The values” 

Sand No. 6197, a emery are, ‘Tespectively, 0. , 0. 0853, 


q 


are scaled directly from the 


‘curve, ve, divided the corresponding values and plotted as the 7- curve. 


The latter is indeterminate at the point of maximum velocity, but the upper 4 


er, the values always being taken as positive. — _ From these graphical 


a, silt distribution curves can be computed once the specific concentration, 
Co, and the value of w are known. - Curves f for the various bed materials tested — 


oe Fig. 15 for a typical example) were prepared on that basis. The velocity 


Be % “ Settling Velocities of Gravel, Sand, and Silt Particles”, by W. W. Rubey, American Journal é 
Science, Vol. 25, 1933. ‘ 
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abscissa for y= taken AS Co. Theoretical values of for other 


Toran Loap SUSPENSION 


with maximum velocity at the eae vm 16), and the silt concentration at 


| 
| — 
| 
trial curve, the latter was modified accordingly—that is. varied to ¢i 
§ value for co—and the 
— 
throughout the ihen the m 
throughout the depth is value of the silt concentration 


"dy 
p 


pre nt 2. 322 x 0.00155 2x0 2. 2.303; a 


_ Assuming that the vertical e-cedinates 0 of the mean 1 velocity ‘and the mea mean A 


are e nearly the same, the total ‘suspended load, may be 
pressed approximately by, 


in which Co is in pounds per cubic foot. the 


an ‘illustration, Bhi 0. 985 (pound per second p per - foot of width). 


_ when the co-ordinates of the mean velocity ind the mean concentration are 
at thes same elevation ; the resulting value is always somewhat too high. How 


ation fc for or total load in suspension. bys is the concentration i 


that i at the surface where the velocity is isa Ifv =0 


Substituting the numerical “values, P = 0. 755 
width). Curves of v, and are plotted in I 


N 
0.64, d = 0.80, S = axe 
— Vs = 0.04,¢= ti the experiment 
— centimeter. 
3 
— 
— “(po 
— 
— 
the 
by 
— 
om 
ocity is not 
— [et — 1] | Vs 
is the general eau 
Thisis thee 
6. The ordinates 
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‘Their product | gives 


the vertical line, Cm V; the area bounded 1 by this line, the surface, and ae 


axes, | gives es the total load of | suspension by ‘Equation (56). More accurately — 

the pretest of c and v at various elevations should be plotted to obtain hn 4 be 
curve, Cy ‘the area to the left of which is the total load of su s = 


to ‘the total | quantity of silt ‘transported i in suspension per ‘second: 


theoretical J ease, 1. 5, = 4.3, so that P= = 0. 855 


* the exact solution, and 13. 2% less than the “value by ao 

solution. For 

the right order. estimate of the quantity of. silt. transported 
by a river it is highly recommended, because it is fairly simple to make two _ bf 

i soundings at the proper depths, to collect the silt singled.” 

However, for ‘a theoretical parabolic distribution of velocity, Equation (57) 

is convenient and more accurate. Of course for a refined determination, an 

arithmetic integration of the product at numerous is 


changing the roughness of the bed and, consequently, by varying the rate of : 
dissipation of stream energy. Transportation by suspension, if not of appreci- 
able | quantity, will not affect the mean velocity very much. In rivers such as 
‘the Yellow River, however, with & maximum silt content of approximately 10% 

by weight during flood flows, and the Wei and Fen Rivers, tributaries of the 
Yellow River, with maximum silt contents as high as 46% and 20%, the sus- 
raed load wal affect the emean velocity much 1 more seriously than the bed load. 7. 


nly 


in 1 two ‘First, » by changing the content of the stream and, 


of silt i is Let kwV be the kinetic energy of a clear 
EV zis the x mean velocity of thes same stream with a quantity, a Q,, of silt in sus- 
pension, then the kinetic en energy is represented by. +aQ (y — w)] 
Equating the two expressions by that th the cross-sectional area re- 
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a 
we — 
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— 
course of a stream = 
8) m due to the addition of silt are — ae — 


a= 10% (for the Yellow 39% 


The velocity of flow is thus retarded by 7.4 per cent. the 


1 w 
Wei River with o that » the: 
diminution of velocity: of flow by ‘may serve to explain 
ha the « ‘saturation” stage of stream capacity in supporting débris, for it is clear ‘a a 


ite _ that silt will be transported in suspension only as long as the stream velocity 
_ exceeds the competent velocity to cause lifting up of particles. = SA 
— Gilbert’s observations!” showed the same result. He concluded that under 
si alll conditions, streams are e retarded by their suspended loads. _ The average of 


average for unloaded streams. hg hoe... 
In a paper published by Rubey* further light is on this | subject. 
= assuming that the change of of kinetic energy is negligible, and equating the 


of potential energy of the few + load) to the energy consumed 


gS 


which py is the density of flow + load); Wand Ls are the weights of 
water and load, passing the section each second, respectively ; x, the skin friction 
‘coefficient of the channel; and p the wetted pee When L =), 
= and IR Which 

expresses as 
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"Substituting ne 


hen there is s suspended lo ad, C will be less iia 


ve: In the twenty wo experiments of Gilbert on ‘débris-laden streams recalculate 


by. (1 ) range from 0.007 to 0. 070, with am 


Baty ad of 0.025; that is, under the conditions of these experiments, an averse 
97. 5% of the total stream nar to have been in 


ES only 2. 5% i in t is equation — is the fractional weigit 
BE 


os os of the load in the stream. In the ¢ case oof the Yellow hab flood in 1931, with 


ae 0, 


reas 
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0% suspension, was 0. 0613 (taking ¢= 63; = 0. 004 tt per sec, 
= 0.000135, and V = 84ft persec). 


substitution of the formula into ‘Equation (63) gives, 


Q 


| 


og TABLE 6 


Theoretical from Equation (65) 

Mean in Gilbert’s empirical equation*. . 
Rubey’s result on Illinois Rivert 
Gibson’s experiment on Severn Modelt 
Present result of the writer§ 


*'The Transportation of Debris by Water”, by G. K. Gilbert, U. 8S. Geological Survey, 
Equilibrium Conditions in Debris-Laden Streams”, by Rubey, Transactions, A m. Geo- 
$Construction and Operation of a Tidal Model of the Severn Estuary”, A. H. Gibson, M. 

Stationery Office, London, 1933. 


all tractive transportation is lifted in suspension, that is, L 


SumMarY: Part III 


arn in about 40% than that required tor it the bed. 


The general equation for vertical distribution of silt i in two- vo-dimensional 


is of the form of Equation (51). 


in which’ a= It is located approximately at 0 


q 
s) 
he 
ed 
ity Equation (64) ‘States the general 
a directly as the quantity of débris that must be carried, directly as the averag i P ge 
ler I size of the material, and inversely as the discharge of the stream. = 
the X = Then 2 = — = sik , and 
In this expression the settling velocity,* w, is proportional to D'/? for sand 
"particles coarser than 1.55 mm in digmete - ticles finer 
‘than 0.145 mm in diameter. Consex tten in the 
| 140 | 1.20 | .... | 0.50-2.00 
— 
ed i= 
rage — 
ight 
= d, ma omputed 
by Equation (55), 55d 


= 


suming a parabolic distribution of velocities. 
Silt transportation tends to decrease the e mean velocity of flow. 
ever, the energy consumed in supporting the load is only a small fraction of the 


total energy of the stream, which is the 


wha problem, and for ‘offering every possible facility’ in the use of the Whitworth | 
Engineering Laboratory of Victoria University, at Manchester, England. Mr. 
J to the and corrected the 


which enabled him to carry out the 


The following nomenclature i is used the 


in 
Chezy ¢ coefficient; also, 
constant in tractive f 
suspended sediment, 
pounds per cubic aes 
‘mean diameter of a sand particle, in millimeters; a 
= depth i in 1 feet; = which critical tra 


= ratio between longest and ‘shortest dia nen of a sand grain Y 
= total suspended load, in particles per r second | per centimeter of w 


— 
ee ion in w unds p vertic 
f frictio nt, in po second 
coefficien nd movi in fe on in hanne 
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action; 
= discharge, in cubic feet per second; 
= = discharge per unit width of channel; 


= hydraulic radius, infeet; 


— = Reynolds number | 


= radius of sand particle; Te iD 
- slope of water surface; So = = slope of of bed; wed 
= unit tractive force, in pounds per ome foot; = 
tractive force over entire wetted perimeter; = uni unit 
t= = absolute mean velocity of suspended particles; 
, Vi = mean velocity, i in feet per second; V, = surface velocity; V Via ® ers a 


wa 


4 tom velocity; and = lifting 


weight of water, in pounds per cubic foot; 


= ratio of mean depth of channel to mean width; 
= length measured along the bed; 


i 
£ 
¢ 


water and horizontal ; also, eoefficien 
equation; also, 
angle between bed and horizontal; 


= an exponent to the expression [he D Dott} 


- = unit weight of sand; also, an exponent; _ 


coefficient - 


k = coefficient of skin friction (dimensionless) ; SS 
= viscosity of fluid; = 


viscosity of fluid; 


dy 


eged 
ow ate + 
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ific gravity of ecific gravity 
specific g ticles; py, the sp ticles; t per 
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auses of Failure i in Handling Traffi PES 
By M. McNzn, Jun. Am. wie 


he 


ules - Norz.—The § ymposium on Increasing the Traffic Capacity and Safety of Thoroughfares was was pre- 
sented at the of the City Division, Pittsburgh, October 16, 1036. on 
is Symposium will e closed in March, 
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CAUSES OF FAILURE IN HANDLING GT 


SYNOPSIS 
€ 


_ observations on down- town n intersections to to determine the space ne AS mo 


v- 
AS 
ing automobiles and also ‘the time taken | by automobiles to clear the ; inter. oa 


observations. The 
Ps theoretical maximum traffic flow of a single lane of traffic was computed from — 
a. Itis the purpose 0 of th this paper to show w how various fa factors reduce ; 
retical maximum traffie ow to th much I lower values 


ce, in the isual | d dist ct nd as far as s possible to evaluate, . = 


of or herded animals, 
nveyances ; together with their load, ‘either ‘singly or asa 
whole, using any “way” for the purpose of transportation or travel. 


4 


sich —@ Traffic flow i is the number of elemental components ¢ of traffic that p pass 4 
given point ina specified direction during a | specified period. of time (usually 
me hr). _ ‘The traffic fi flow in an individual lane of traffic is determined by the 


(3). Traffic volume is the total ‘number of elemental ot traffic | 


or r way in any specified ares of time 


t can pass through : a given intersection or way in any specified ie of 
time (usually 1 hr). The traffic capacity of | any “street ‘depends upon the 
umber of lanes" of traffic on street traffic flow each 


(usually expressed in miles per hour and all delays). 


2Rept. of Committee on Terminology and Nomenclature, Inst. of Traffic ‘Engrs. T. 
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ent while terference. xd elementa 
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Weaving i is the m mMmovement of vehicular traffic i in such manner ‘that the 
* elemental ‘components cross each other’s p paths at low angles of approach | or in 


(9) A point , of conflict is the point or limited area ¥ where elemental c compo- 


a parts of traffic intersect; the apex x of th the angle of approach. = 


(10) lane of traffic is a series of elemental components of | traffic 


* ota or standing ready to move, so as to use a lane of roadway effectively. rey 
, (112) A critical lane is a line of traffic which, for inherent reasons, requires 
time to pass a given point than other parallel lanes. 

‘The lane width of a roadway is the measure of the number of possible 


free 1 moving lanes: of traffic which the roadway can pass. in both directions: 


is the time space the front or street 
cars when | moving past : a 4 specified point in a given direction and lane. oe 


Minimum headway is the time space (see Definition (13)) obtained 


when the -camemeees components of traffic are moving as closely together as 


Bffee tive headway is the time space Definition (13)) obtained for 
elemental ‘components. of traffic moving under minimum headway in one or ei 


G0) A Ben 5 as applied to traffic, is ‘that upon which traffic passes. The 


“way,” shall be considered generic to all places along which traffic may 


move. It includes highway, parkway, limited way, freew way, road, path, route, Ea 


4 street, avenue, boulevard, lane, alley, arcade, drive, ete. 


veen sections of > 


“urban district. The major streets of a city are ‘the main traveled ways. 


may form important - connecting links in the traffic facilities of the State. 


street is sometimes referred to as an arterial 


(20) A radial street is a major stre t hat 1 fr the central 4 


F district to the outlying di districts of a a 


a distribution Street i is a major 8 street that ts and passes traffic 


8 itself to ad- 
A by- -pass street is major street that carries traffic around congeted 
istricts (sometimes referred to as a belt line or loop). 
(28) A -cross-town st street i 1s a major “way” ’ that carries traffic fic so ast to intersec 
adial streets at approximately right angles. (A cross-town street i 


ferred to as circu ae street. Habs 


4 
4 
— 
4 
_ 
e 
ae 
— 
ie .—l 
— 
— 
he 4 — 
4 & 
ic 
fe dal (19) An alley is a narrow inner street, either without sidewalks, or with very __ a el 
— 
of — 
00 
he 
— 
city. A radial street signines a way that jé 
Fe main focal point. The term 
| — 
tal — 
— 
ae 


trafiie; ily, it lies between the regularly established curb lines. 
a The pavement is that part of Pa roadway having a constructed surface . 

or the facilitation of vehicular traffic. oil} 

_ (26) An intersection is the area of a junction included within lines j joining | 

the meeting points of pi property lines (together with any sectfons o Le 
; - iines n necessary to enclose the area) ) atthe tied of of two or more w re ways a at the 
rE: aa 27) A congested district i is any area in which most, of the streets or ways 
carry such a volume of traffic during a considerable part of the day as oagude 
to reduce the headway and cause traffic delay (usually a business district). — +e 


ABLE 1 1.—Space BETWEEN Movin \ UTOMOBILES AT INTERSECTIONS 


Average space, 
17.42 Following street car 


2 


‘The spacing between vehicles (Table 1) wes, obtained by marking, on the 


street ‘Pavement, various distances from the "property line. observer 


sg at the instant when the front ¢ end of a following v vehicle passed this line. 
Under ordinary circumstances | of fairly congested traffic, the average spacing 


between vehicles was 17. 82 When these vehicles followed street cars the 
was 17. 42 ft. In a of where tr affic was dense 


The data in Table 2 indicate the car of a group across the 36- 


a roadway and one 12-ft sidewalk at an average = of 10.8 or 10.9 miles per 
E TAKEN BY AUTOMOBILES To CLEAR : 


Effective Headway, 
| free | dense 

movement, traffic, 
seconds seconds 
. First car group | 10. 70 


mf Vehicles ner Hour 


= 
— 
an 
— 
‘ 
— 
— 
— 
| 
ix 

— 

— 
— B 
— 
— 205 | sa | 100 
| 205 | ck. Te 


miles per | hr i in the ¢ case of passenger cars or a mixed gr Up, and 12.4 12. A £ miles pe 


Table 1, effective headways were computed under the conditions 0 of reasonably 
free movement and of especially dense traffic. In these ‘computations | the 
tamale a passenger automobile was taken as 14 ft and the length of es — 


These data indicate that a a single lane of a ina a congested district hes 


Pi 


iceatesenees. eliminated, and that reasonable speeds range from 11 to 15 ‘tiles 
e. per | hr. The data also indicate that such a street has a capacity for trucks of 
from 1 300 to 1500 vehicles | per hr at speeds from 11 to 12.5 miles per hr. 


— the traffic i is mixed, as i is age! the case, the dnt of a — lane 


than the may be obtained. It is not however, that 


4 


4 


4 
these especially, dense conditions be maintained over a considerable 


Speed inMiles perHour 


from various 8 sources, which ‘represent maximum capacity of a 
ingle traffic lane at varying speeds. These’ curves s show a a ion of hourly 


»” by William 8. Cones. 1928, p 16. The curve for Los A: 
in more detail in Traffic Bulletin No. 143, Am . Gas Kecumulator Co., ee 


hr in the case e of trucks. | Using these spe speeds a: and the average spacing shown i in 


>. 


i745 
— 

- 

canacity will D h rtion of trucks and other vehicles present. 
1.—Maximum Hovurty Capacrry or a Trarric Lane at DIFFERENT SPEEDS 
| 

vehicles at 15 miles per hr. Referring to Fig. 1, Curves 1, 4, and 9 

 ‘espectively, are for Los Angeles, Calif., Detroit, Mich., and Norristown, Pa. 

(Carve 1) is shown 


Curve 2, alee. e003 plotted from computations made on on the basis of field 
data referring to the spacing of vehicles at various speeds both on crowded | and 
on high- speed thoroughfares.! It applies to ‘a continuously moving lane of 
traffic, x on the assumption that the average length of vehicle is 14 ra _ Curve 3 
was plo ed from data observed by the ‘Pennsylvania State Highway Depart- 

: ment. This curve is intended to show the “theoretical maximum capacity of — 

one traffic lane under ideal conditions. "6 The sources of the data, study co: con- 
ete., from which aputations were made, are > not 

Curve 5, Fig. 1, was derived tted the Bureau of Traffic 
q City of Pittsburgh, and represents the mean average of the nine ‘remaining a 
curves in this drawing. A blueprint of Curve 6, with its formula, s supplied by - 

oN. W. Dougherty, M. _ Am. Soc. C. E, was the only item n of reference material _ 

available for this curve. ‘Evidently, it applies 1 to continuously moving traffic, 


assuming all cars with f four- wheel eens and, being derived from an equation, 7 


Curve 7 is intended for an “uninterrupted traffic was derived 


uted on different assumptions. inally, Curve 10 was plotted by the 


Pittsburgh Bureau | of ‘Traffic Planning, based on studies of down-town P Pitts- 

is ‘theoretical, representing the flow of traffic, for a full 


a Further light on ae accuracy of Fig. 1 was cbtaieiad from studies of ‘the 


flow on the Wilmot | Street Bridge, in Pittsburgh (see ' Table 3). This" 
s a two-lane bridge—one lane i in each direction. — «It has a large reservoir at 
one end for entering vehicles to accumulate, and at the other end for leaving f : 


‘movement « on. ‘the bridge. Table 3 shows an a average rate of 1710 vehicles 
per hr at a speed of 20 miles per hr, which Tate was sustained over a period of 


bm min at a time. tate ¢ 


Further Fi ig. 2 obtained upon a dumber. 
of f studies in down- town Pittsburgh, principally on Second Avenue, where { 


dense groups of traffic were observed ‘moving through the progressive traffic 


speed of 11 aii hr, ‘and 1 900 vehicles per hr at a speed of 15 miles per hr. E: 
Fig. 2 is Curves 3 and 5 1. Both curves are | on the 


“Pacts and Figures ‘of the Automobile Industry,” National 
i‘ 6 Regional Survey of New York and Its Environs 
_ ™**Theoretical Capacity of Road ys,” 
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hority for Curve 8, ma 
fr. H. 8S. Swan,’ who btained etc., excep 
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OBLEMS— 


24 sec = It i is be noted that, at the pointe: greatest divergence of the 


it per hr. These data g give poster for the traffic capacity 
of a single lane of a street in a congested district as 2 000 to 2 500 ‘passenger 


a. per hr with speeds of movement of from 11 to 15 miles a hr. 


vehiclesin | inamaximum | __in vehicles 
5minutes |  perhour | 


course, these capacities are not actually ob ned f dor, all lanes, ¢ ‘or even 
for the critical lane. ~ Counts s of actual traffic volumes and the hourly rate pe per si 
a for several typical congested | Pittsburgh streets (Table 4), , show a range pees. 


of from 132 cars per | hr to 754 cars per hr per lane. The highest rate (754 cars 


= 
2 
> 

= 


w 


er hr per lane) was obtained « on the ‘Heehaeast of the a Grant St eet Ag 
which is is viaduct to t the district. The next rate 


aor 


usual 1 interferences were not present, ‘ind there 1 was constant pressure on 
the intersection from a long reservoir of automobiles waiting to get through, 
__ The: reason for ‘this startling difference between capacities and actual flow is 
interference of one kind or another. Experience has shown that considerable 
interference can be eliminated, or at least reduced. Four r types are recognized: 
— (1) Cross-interference; (2) marginal interference; (3) internal interference; and 
(4) medial or center-line interference. 


__ Interference b by - cross-traffic is the most obvious. — 


| 
. im 
Ma. 
— 
« 
New Yor Regional Suvey ii 
ae 
a 
— 
ash evident that trafic § 
‘trac on the cross-streets is moving. 


4 


Sixth Street ..| Penn Avenue 


Allies*. | Grant Street 


- 


TABLE 4 


> abide time, it is obvious that the flow on each cannot be more than 50% of 


capacity. Although this interference by cross-traffic can be eliminated 


; Volume | 

Traffic mum, per |. rate emarks 


from: | in per lan 


|__| minutes | 
Fifth Avenue..... | Smithfield Street 
Fifth Avenue..... | Smithfield Street 


Ninth Street Liberty Street = 
Sixth Avenue..... | Grant Street 


cars 
treet cars 
Street cars 
Street cars 
Street cars 
| No street cars. 
No street cars 
Street cars 
Streetcars 
a9 No street cars” 
Street cars 


OF 


Grant Street 


Allies* 
Seventh Street 
Seventh Street 
Seventh Grant Street 
_ Seventh Avenue. Grant Street 
oF ourth Avenue. . Smithfield Street 
Smithfield Street . Water Street 
Penn Avenue.....| Sixth Street 
Smithfield Street..| Fifth Avenue | South 205 


No street cars” 
Street cars 


tioning 
and no less than its proper share, of the available time. ” This propertion will | 


vary throughout — the e day, but s study indicates t] that the weal occurs with 


reasonable pamiees. both as to time of the day, y, day. of the week, and season of . 


~*~ 


> 
Rey 


— 


the of vehicle. Some data showing the time taken to start: auto- 


rsection, after t the signal | has been been 


Second car 


Fourth car 185.. 


‘The time tos equals approximately 1.41 times the position 
z the car in line. He Naturally, the more stops: that are caused by intersections | 


which | are too close vp the more mo eae will this delay occur and the — 


— PRAFFIC PROBLEMS = Papers @ Na 
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PROBLEMS 
‘TRAFFIC PROBLEMS 


illustration, involving the sixth last car of a line stopped at an intersection, 
will show the importance of effective headway (rate of flow, 1 275 cars per hr): eh 


sixth car to start.............. 


. ae travel 48 ft, at 10.8 miles per | hr, after starting. .. Bes 3. 92 


travel another 51 ft, at 13. 0 ‘miles pe per 


Effective 


Assume th 
a each ¢ car to be 14 ft long. The rear of the sixth car will be 99 ft from the inter- * ; 


ft roadway. 

ofa group will travel 48 ft in in 3.92 s sec a and that | the following cars of this crap 
will travel 48 ft in 2.77 sec. ec. The s speed. of the first car in traveling 48 ft was 

ae 10.8 miles per | hr and that of following cars, as they cleared the intersection, 15.3 

eu miles per hr. - Assuming the average of these two speeds as the speed which the 

ch sixth car made in the remaining 51 ft which it was required to travel, gives a 

BA total of 17 sec before this sixth car clears the intersection, or an effective Phat! 
for these 6 cars of 2.82 sec, and a rate of flow of 1 275 cars "per 


capacity of the street reduced. A 
second cross-interference of considerable magnitude i is caused. I by pede 
trians who | cross against the traffic. The degree of this interference depends 
upon the degree to which ‘pedestrians obey the signals. - Some data taken at 
os typical intersections in the down-town district in Pittsburgh show that 56% of — 
the pedestrians confronted by a “red” signal, failed to heed it, and crossed th 
street. The best obedience in the down-town district was at Smithfield Street 
and Sixth Avenue where 34% of the pedestrians confronted with a “Pec ” ” signal 


crossed i in \ the face of it. The corresponding value for Penn Avenue and Sixth | 


Street was per cent. An attempt. was made to establish the relationship 
+ _ between pedestrian volumes, vehicle volumes, | or turning volumes, and the — 


oq — of pedestrian observance of the traffic signals; but although a large 

4 volume of data was obtained, no consistent relationship could be determined. 

a In considering this pedestrian: interference, it should be noted that no r real 

1 ffor t to | secure pedestrian control, , except through educational means, has | been ‘ 

tempted i in Pittsburgh. Such interference, as well as that caused pedes- 

Ju ns crossing in the middle of the block (commonly called “jaywalking”’), has _ 
ne en reduced materially in a number of cities where real efforts have been made 


o enforce pedestrian regulations: in congested districts. bs; The value of suc 


nforcement in increasing | street ‘capacity can be : seen when it is realized that 
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Single street car [| 
Btreet-car 


Ho: 


eels All left turns, except as indicated in Column (2 e Right turn. t Actual speed. 


Where su h a large proportion crosses against the traffic the coat 


© 
com: 


— f twelve intersect ection cro ian to. 
— br for each” estrians at which pedest 
— ns cov of all p the degr volume of vedes 
= "interference reduces the stroe cor 
48 
— ted 4 
— 
— 2 | Trucks os fe 
is 
— 
is in 


November, 


to complete the turn; and, the delay to oncoming where 
urns a which, and to which, a 
‘the tu turn is made. Lanes ¢ are. numbered across: both streets starting from t 
~ corner about which the turn is s made. _ Average e delays to followi ing traffic rang cae 
_ from zero” to 6.1 ‘sec, , depending on the type of turn, whether the streets are fox 
~ one- way or two- -way, the type of vehicle, the volume of oncoming - traffic, e etc 
Interference to oncoming tr traffic ranges to as as high as 15.3 sec, and time to com- 


t plete t the turn to as 1 much as 22. 6 sec in ‘the case of a street-car train making the 


‘ shows s that one passenger ‘automobile, ‘torning left from the center lane of a 
two- ‘six-lane. street, may delay following traffic in its own lane an amount 
i equal to the time required for four such 1. vehicles 1 to go straight through; and 
that the street-c car train making the turn previously described, occupies the time 
‘required for twenty- one cars to move through one of the lanes i in 
course, the actual in capacity caused by these movements at 
any given intersection depends on the number of such turns per hour and the 
actual traffic volumes moving in both directions. data can be used i 


- counts at the points being studied. 


economic phase has not been discussed ; for instance, it i might be ixened, a 
"considerable validity, that e even if the left- turning street-car train. mentioned 
- take as much time as is required for twenty-one passenger | automobiles to. es, 

move straight through, the street-car train actually carried twice as many 

Passengers as all twenty-one of the passenger cars. 
e. _ The time taken to 1 make turns is further influenced by the vi volume of 

pedestrian traffic moving parallel w ith the traffic stream from which the turn 

~ has been made. Such pedestrian data should be available 1 when 1 studies are 
_ being made in connection with the gains to be expected from ‘prospective turn 

In making turn elimination studies, the alternate e routes, with the inter- 


as a fundamental principle in such studies that two routes 
‘must | be available for each turn eliminated: One to the motorist before he 


Teaches - the point where the turn is to be eliminated; the other, after he has s 
; reached this point, in case he has forgotten to take the first alternate route. 
As far as possible turn eliminations should follow some reasonably regular 
2 : t is extremely disconcerting and it adds to the c confusion, for a 

Motorist, especially a stranger, t to find turns eliminated at rando . This, also, 
isa factor in redu ar 


16 
1 These data, in Table 5, show: (a) The time required by vehicles of various types’ iia _ 4 
— 
| 
— 
— 
borne in min at they are presented merely with the idea of evaluating the #$§§ 
various interferences in terms of their reduction of street capacity and so that 
— 
ii 
i 
— 
— 


as 
origin and destination study of the traffic involved in the turn 


is also extremely helpful ‘in determining a proper course of action. 
‘The second type of dy is caused ‘by marginal whieh i is due 


‘ae cars, etc. and at the curb has a similar effect 


- reducing street capacity to parked cars. This interference is more difficult to 


Bs correct because facilities for off-street loading and unloading have not yet been 


: The reduction in traffic ¢ capacity due to parked -onre’ s pulling into, and out 


from, the curb is naturally dependent o on the degree-of turn-over in the parked 


cars. _ ‘This depends on on the type of district, the parking regulation, and ‘the 
“degree of enforcement secured. 
‘ia down- town Pittsburgh the average ‘stopping time of all cars parked or 


ob 


oe post on the streets is 21. 5 min; 48% are loading and unloading, requiring 


of lane use of ‘ovo Pittsburgh in Table 6. 
E 6.—Ratio Or LANE Typican 
N 


No. 

Parkin: 

No parking or stopping 

No parking or stopping 

No parking or stopping 1 

Wood Street 0.20 Considerable parking 

Fifth Avenue at: 

Grant Street... .. 


ylie Avenue... . 
Webster 


bw 


0.855. 
0. 


Miata ghfa ar es is ‘Sixth A 


was in the carb lane whereas 0.923 was in the adjacent lane. The reason 
sis plain when it is known that in the next block there is a large parking garage 
with a capacity of about 600 cars. Motorists simply will not. use the curb 
when they know they will be blocked by cars entering ‘and leaving this parking . 
garage. In other words the capacity of the street has been reduced nearly 


one-half. In the next three blocks, where there is no such interference an 


4 
: 


“sig 
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— 

ed alone the eurh: (c) vehicles nullineg out from the eurh and hacking in: 
— the 

th 
— 

— 
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— In 
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Re oe 28% are parked for 40.5 min while the occupant has gone to his work or al a9 
engaged in recreation. On the 1-hr parking streets, the average parking time cai 
— 
— 

— 
— 
— 
— 
— 
— 
— 
first of these venue, a four-lane, two-wav street with 
line of ‘street cars MOVing in € 
near side of each intersection. 
— 
Bt 

= 


the next block k (Block 5, 5, Table 6) is such that a certain amount of sar i ae 
at least short-time stopping is permitted. - The curb-lane use drops to 0.239. a 


In the next block (Block 6) even more - parking and stopping is permitted, and | ie 
‘the curb- lane use drops to 0. The next block (Block 7) is a short one ith 


latter block, however, some is felt from the fact that. of 
the traffic turns to the right. As far as the law is concerned, no- -parking 
Pa regulation i is “on the books” for this entire side of Sixth Avenue, but the busi e 
use and degree of enforcement are different. 

The second street that will be examined—Fifth yee one of the | 
streets in the down-town district. ‘The parking calls for ‘ ‘no 


parking at any time” for all the blocks in question, on both sides of the street. 

In spite of this regulation, the fact’ remains: that consider ably more parking 
is permitted on one side than the other. _ On the north side, where this parking 4 
“exists, the ratio of curb-lane use is 0.052 whereas, on the other side, it is 0.272. 
Some! factual data regarding the actual delays to traffic i in | the adjacent lane a; 

caused by - cars | pulling into, and out from, the curb have been obtained. ¥ Each 
car whieh out from the eurb interrupts for an average a 


serious effect: i in street capacity. It remembered, 
~ however, that since the time necessarily allowed for cross- traffic to move ha : 
had its effect in capacity, some time is available 


compared to a lane not , immediately adjacent to a parking 


~The third type delay is caused by internal interference, such as the 
weaving of cars from one lane to another, the conflicts that occur when cars 


pass each other i in adjacent: lanes when the lanes themselves are 
the effect of vehicles of different characteristics, etc. 


_ Formerly, the width of roadways: was determined by old 


huge 


rule. ‘This rule determined the width as ‘three-fifths of the distance between _ 
property lines, which distance itself had d been somewhat arbitrarily ; determined 


as 18 ft wide; for 40-ft street, 22 ft, widths permitted no no similarity 
in the actual lane widths available for moving traffic. In few cities has an any x 


= attempted to make th the actual lane widths available for traffic movement, a 
a suitable for such. movement, by adjusting the sidewalk width. © Furthermore 


in the > establishment of parking regulations scant consideration has been given. 


: to the 1 width of the roadway, 50 as to provide for a ‘given number of lanes o 


adequs ate width, for moving / traffic. In some cases an 8-ft lane is availabl 


10 eee A lane that i is too wide i i 


’ ock the curb lane even  .& 
— 
— 
— 
— 
to 
ed 
he — 
or — 
— 
pe — 
ne 
— 
iim 
— 
he | adjacent [a 
e 10 sec. he total number of observations tor cars leaving as _ 
re 
A 
— 
- — 
=- 
on 
— 
ly — 
i 


i wasteful from the standpoint of pavement peak: a lane that i is to ns 


_tably decreases the capacity of the street. 

The traffic flow « on city street is not directly ‘proportional to the 
of lanes. — Arthur N. Johnson,* M. Am. Soc. C. E., has demonstrated that, for } 
rural highways, three lanes had twice the capacity, and four lanes, three times 
the e capacity, of two-lane roads, etc. . The same effect is not so evident on rrr 
streets. In down- town n Pittsburgh there a are a number of four-lane streets that 
are actually carrying more traffic than other six-lane streets with about the 
same apparent congestion. The difference i is in the interference factors, which 


has its effect on traffic speeds, with a consequent ¢ effect i in | reducing capacity in 
“ge 


alee, Where routings are such that traffic must ‘weave from one lane to another in 
order to move into the proper - position for a turn, another factor : which oe | 

raffic capacity is introduced, especially where the weaving must take place 


Some | brief f studies on this subject, applicable to down- 


were ot on one down- Second 


wes The method of the study may be briefly stated + as follows: A . measured 


on the side for eastbound traffic. automobiles were hired, and drives | 
_ were instructed to weave from the lane nearest the center of the street to the 
next lane to the right, starting always at the first line of the measured stretch. 
The distance in which the weave was made and the speeds of the weaving 
vehicle were recorded. — The speeds of following vehicles on both lanes were also. 
rded , as well a as the speed of traffic when there v was no weaving. Other 
observers checked the volume of traffic per lane i in given time periods, s , 80 0 that 
the density of the traffic ‘through which the test automobiles did their w 


The composite | average data shows a reduction 
Le 40% i in the speed of traffic in the lane from which the Weaving started, and a 
oe reduction of more than 30% i in the speed of traffic in the lane to which the 
weaving vehicle emoved. The average delay to vehicles in the lane from | which 
the weaving started was 0.75 sec, and 2. 6 sec in the lane to which the weaving 


moved. ‘The range of weaving delays was from a negligible time to9 


x vehicles “moving § straight through, the over-all reduction in 
capacity of the street depending on the number of Weaving vehicles. ‘Weaving, 


therefore, is another interference factor to be avoided if a street is to attain its 


Other: elements that reduce the effective width of traffic lanes are structures 


dings, Highw yR search Board, 1930, pp. 218-224. 
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traffic Janes such structures should be compensated by 


4 


greater distance. Even so, 
an necessary diversion of the traffic from a straight line is certain to reduce the 


Of the st et. Pillars of are ob- 


“TABLE es Due To WEAVING FROM LANE No. 3 To law No. 


oF VEHICLES) | Dztar, IN 
SEcONDs, 
CAUSED TO 


Actual flow Equivalent By 


in vehicles | flow,in | yo 
per 15-min- VEHICLES 


With no 

| weaving in: 


ds, req 


vehicles 
ute per hour 


, in secon 


-Fifteen-minute period (after- 
noon), 


Average distance required 


3 


17.7 
17.2 
18.0 
14.4 
11.7 
14.2 


115 | 142 
107 
177 
171 
199 
149 


15.8 153 


Fripay, Aucust 16,1929 = 


19.0 
15.6 
16.2 
17.7 
13.1 


13 | 6:00 | 17.6 
Comper 16.8 
oe average. 16.1 
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fn such as loading zones for street cars introduce a helpful factor in that they H, 
3 permit | fie to move past street cars which are stopped 1 to take on passengers. — ends 
Ano er factor it in a internal interference | is based on the « character of the é 
‘Vehicles themselves. Taxicabs are a delaying factor, not so much because the +4 

vehicles are incapable of moving with the traffic : stream, but because the drivers 


i in their effort to pick up Passengers, « or to 0 get into ) desirable taxi stands. at 


vehicles of other types. For fifteen ‘intersections m selected at random i in | down- 


on Pittsburgh, taxicabs comprised more than 8. 5% of the total motor- 


and in one block (Fifth Avenue, between Smithfield and Wood 
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‘In another study (Table 8) covering 856 nile ad sie intersections, 84% 
f the cabs were empty. — The first appearance of a ‘cruising taxicab was con- — 


TABLE 8.—Srupy or T 


Ww ‘liam P Way and Oliver 335 
Grant Street and Diamond Street 340 
Fifth A Avenue and | Wood Street | 


which only the and subsequent appearance of cab. 
ing a 30-min to enter an two or ‘mo 


cruising; that i is, they hrc empty, two or more times at the sa same location 
; within 30 min. Taxicab stands themselves furnish the same type of interfer- 
: ence as ‘parked « cars. — Such stands, of course, should never be permitted, except 
on streets: where other vehicles are permitted to park. iS 
Buses a are also a delaying inf influence, i in that they usually stop at the curb to , 
; pick wi up passengers and as a consequence delay the following traffic. — One item 
Teceiving ct considerable attention is whether the bus stop should be on the near 
side, or on the far side of the intersection. Practice varies in different cities, 
wae zs although t the prevailing practice seems to be to have the stop on the near side of 
me he intersection SO that stops necessary on account of ‘the red light. can be utilized 
for picking up passengers. On the other hand, when the bus arrives o n the 
green light, such stops delay following traffic, which otherwise would go on 
Pi through. Physical characteristics, such as the width of the s reet, ‘number of 
lanes for moving traffic, whether parking i is permitted or not, w hether the street 
is 3 flowing 1 nearly to capacity, the number of right turns made 


are determining factors in any individual case, the Practice must 


heir slower sea "Day the capacity 
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possible interference. 
£ Because of their fixed use of the street-car lane, street cars limit following 


~ traffic in congested districts to the speed that these vehicles themselves are able 
— to maintain, and thus lower street capacity. te Many cities are using antiquated 


types of cars with not only slow speeds, but also slow accelerations. 
‘The modern, high-speed st street car developed by the President’s Cor 
at the Association an acceleration and speed enabling it 
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SIGNALS TAKEN 4301 AND. 6: :00 
104 CyciEs at Each” Location; Tota, 416 Cycuzs) 


LOADING 
PLATFORM 


= 


ifth Avenue 


Street at 
Sixth 
Avenue 


Wood Street at 
‘Sixth Street at 
Grant Street at 


Avenue 
Fifth 


_ Total number of observations . sie 
Percentage of total time used for 
Percentage of total time that is stop time. 
Percentage of Time That Cars Are Loading Passengers on: 
“Stop” time 
“Go” time 
Percentage of Time During a Cycle, ‘ie hich a Car is Loading 


“Stop , time 


“Go” time 
Percentage of Loading Time That Occurs on: 
Per “Go” A 
ercentage of Cars at Arrive on: et 
“Go” time 
ay Percent: e of Time, During a Cycle in Which Cars Are ratiea is 
=: Phat Is, Actually U sed for ‘Loading: 
” tim 
Ratio the Time on ‘‘Stop” Signals to Loading Time on 


Go” Signals 


et . 
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necessary stops to ‘pick u up and discharge being 
introduced i ina necessity, when ‘the car stops: to take on 


e 7 Careful signal planni ng and 


capacity about 20% as compared to a flow consi the — 
possible onsisting entirely of passenger cars. — 
should be seoresated on certain streets Truc 
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teristics of individual stops 
ears on the “red” signal, to a surprisingly large degree, thus PPE avom of 
‘this delay. permitting the by-passing 


1ave been. installed; at the other two, all automobile — 
traffic ‘Taust ‘stop while the street car is loading. _ Ther readings were made dur- 
‘ing the evening ioe from 4:30 . M. to 6 00 P.M., and a total of 281 | street 


These data ‘Column (6), Table 9) 63. 3% of the 
"loading time occurred on “ ‘stop” time; ; (2) 38.8% of the cars loaded exclusively Se 
1e “stop” time, and only 16. 0% loaded exclusively on the “go” time; 


some on the “go” time occurred i in only 38. 4% of the signal eycles;, 


‘ing on the ‘ “stop” sre a on the “go” time. ee 
A distinct. difference was observed between 


platforms v were installed, and — where patrons were veers to board stree 
This difference illustrates not only the value 
‘the loading platforms but the fact that the e design of signal 


system had ey taken this. difference i in street-car loading procedure into 


59.8 respectively; at the two locations with such | 

(4) and I (5), Table 9) the corresponding pereentages were 45.5 and 57.2, because = 

2 was not so important to have cars load on “stop” in the latter case. 4 At the | 
without the platforms, street loading exclusively on the ‘green 


and 12. 5 per cent. Tatio of the seconds of on “stop,” 
‘on no 


“ Faces the effect of taxionbe on street capacity, | the writer mentione 


the fact that, in so far as considerable of this traffic was probably not serving Mie 
useful purpose, ‘it was occupying the space that could be occupied by | other 
vehicles, thereby reducing the street capacity to useful traffic. 
In most congested | districts there i is another type of traffic , present i in even 


"greater volume, ‘that i is reducing street capacity in the same ume manner. is 


ours 


left by a different route from that by which ng entered. * The volume of thi 
through traffic is illustrated by Fig. 3. _ In the evening ieee: period from 4 00 
M., it amounted to ae 3) per cent. 

pe 
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Pree 


elimination of turn the creation of one-way streets, more efficient 


‘elimination of 40% to 50% of the present traffic is a 
3 tion business organizations could 1 experience through the removal of that 40% 
to 50% of non-business p producing traffic and its replacement by yan equal y raceg z 
of business-producing traffic! Such a change would not entail any greater ye 
burden on the s streets of f Pittsburgh th than n at present, and could be e accomplished <i 
by: the construction of a close in n by-pass system around the congested district. ie 
Iti is essential if permanent t traffic relief is to be secured. ‘In the meantime some 3 
mprovement could be accomplished by establishing, a and thoroughly marking, — 


preferred through re routes over r existing streets. through traffic filters 


ucin 


The fourth type of delay i is due to 
is the interference that occurs between traffic moving in opposite . directions. 
On radial, by-pass, and ‘distribution | streets, as well as on ‘the | open ee, 
where approach large centers of population, it can best be 
oadway w ith a center strip 15 to 10 30 ft wide © 
parting the impractical in congested districts. fortunate, 
that i in such dintricts this type | of interference i is at a ‘minimum 


Con 


ented herein, following conclusions can be 


a (1) Th traffic ‘capacity ‘of : a single lees of a street in a congested city dis 

trict, with eliminated, is f to 500} passenger r automobile 


50% when the stops occur close together. 
(4)«*In the absence of pedestrian control, as much as 3 23% of 
‘ omer. ee the street will interfere with vehicles, thus reducing the stree 


traffic that merely ano 
outlying 
he 
renee by 50 per ce 
3 sing in ich reduce lowing 
hese practic n contro to go stra 
a 


of ime equal to that required for tabeaity aa passenger automobiles to go 
a large parking lot or garage with the on a main thoroughfare 
on may } have the effect of reducing the capacity of that street from 20% to 40% of © 


% “ the traffic which would otherwise use it. The extent of the reduction | depends ~ 
the number of lanes: of moving traffic on the street. 

# (7) The effect of curb parking i is to reduce the traffic capacity y of the street — 
n ‘question n to 50% of the traffic that could otherwise use 


ee (8) ‘The traffic flow of city - streets is not proportional to the aii of lanes. 
City streets in congested districts do not follow the same rules in this regard as 


ural highways because of considerable variation in from 
(9) Where ‘street-car loading platforms, safety islands, elevated railwa 
‘pillars, etc., obstruct the roadway, the curb should be “cut back” a distance at 


least equal to the width out of the roadway by such structures, avoid 


any reduction in lane widths. 


taxicabs, to a considerable extent cruising, may comprise as 
much as 20% of the motor-vehicle traffic on a street. To the extent that they ; 
are not serving a useful purpose and are occupying ‘the ‘space that could be . 
cupied by other motor vehicles, they are reducing street capacity. — PANE aay 


(12) Trucks reduce the capacity of a street 25% to 40% as ‘eouheaeid to. 

~passenger automobiles. W ith trucks e equal to approximately one-third of the 

traffic, ‘the reduction in capacity is approximately 20% as compared to all 

(13) Antiquated types ‘ot street cars street capacity through slow 

speeds and slow accelerations. Modern street cars are available which can hold 

their own in the traffic stream. Street cars delay following ‘traffic when they 


stop to take on | passengers. Through the use of loading platforms and careful 


(14) As much as 507% of ‘the traffic in congested vse is n non- -business 


producing, ‘through tra affic. mus 


¢ 


provement in this direction sini usually be. by 
thoroughly marking rpesigan through routes over existing streets. — 


is based were jbl while the writer was 

‘tect A Adviser, and later Chief Engineer, of the Bureau of Traffic Planning 


2 “of the City of Pittsburgh. He wishes to acknowledge » with g grateful apprecia 


tion the courtesy of Donald M. McNeil, Jun. Am. Soc. C.E., Traffic 
of the City of Pittsburgh, for making the records of ‘the Bureau of as Mi: 
| ‘Planning: completely available for the preparation of this paper as well as for 
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his assistance in securing certain supplemental data. fe 
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REMEDIES TO RELIEVE TRAFFIC 
CONCENTRATION 


where the street system has not been expanded to compensate for this Sooth,” 


Traffic interference, both pedestrian and vehicular, causing delays i is , discussed, ‘3 

and remedies are suggested. From ‘on engineering standpoint most delays can 
be eliminated, but all improvements s should be weighed from the s standpoint of cs 
cost versus benefit to suggestions are given | in paper 

internal, and medial interference. 


which can be defined as an over-crowded ¢ condition causing a a decided reduction F 


in the rate o of speed of the movement of traffic, unquestionably reflects on the #4 
volume of business in the area. y The development of the automobile has been 
so rapid that municipalities have been unable to devise Tegulations and develop: 7 
improvements fast enough to cope with the situation. ‘Re-arrangement: of the 
‘existing street systems is decidedly expensive and, i in many cases, from a finan- 
cial and economic standpoint it is impossible; and the « engineer is faced with the — 
problem o of examining the existing street systems to determine whether 


ultimate capacity is now being obtained, and if ‘not, to , develop methods for 


: the area of the main Pittsburgh, 
as 0.54 sq mile, | comprising 1: 14.9 miles of streets, on which, at present (1937), 

000 vehicles enter daily; and when one considers the necessity of moving 

19 127 vehicles, plus 541 street cars, in the peak hours, during which period ap 
proximately 100 000 persons use the various modes of transportation, a series of : 

delays becomes s extremely costly. The time > required for automobiles to depart 

rom tl the area is five times ‘greater, and, for street cars, three times 


onas system with no Reducing this to man-hour delays at the 


rent rate of day labor (40 cts per hr), the cost of delays in Pittsburgh a 
oly the peak hours of one day equals $10 000, to rons the cost of the 
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: The he analysis for the peak period i in in Pittsburgh is more orle ‘oak 


73 It would be unreasonable to expect a street system improved so as tos avoid Bee! 
all delays, because of the tremendous ¢ cost involved. However, many of the 
delays: that are ‘now causing congestion in cities of the United States can be Re: 
K sameriege and the capacity of their street systems can be increased; but it is" 
essential that, in each case, the benefits to be gained shall be weighed carefully 
against the cost of such improvements (which improvements can be decidedly 
- expensive), and careful decision must be made as to which solution is warranted. — 
a _ Where the expression, “speed,”’ is used it in this paper, it must be > kept i in mind ; 
_ that the prevailing average gross speed in a business section varies between | ap 
3 "proximately 5 5 and 10 miles per erhr. Fro From studies made on the relation betwee 
the capacity of a lane and speed, it was shown that ‘capacity varied ‘approx 
mately in direct proportion to a speed of f about 23 1 miles per h hr, but for greater ae We 
speeds, the. capacity decreased as the sf speed increased. This condition i is due to 
the difference i in headway because of the distance required to stop a vehicle in ee 2 
of an emergency. _ Therefore, when reference is made to speed in this 
paper, ‘unless otherwise noted, it relates to a value of less than 23 miles per hr— 
. that critical speed of the v volume graph. The various ‘delays possible may be at 


ar 


Cross-Interference: That interference toa stream of traffic moving in 
one direction crossing the path of another stream of traffic on the same plan 4 


“Marginal Interference: That type of interference which occurs between 
moving vehicles and other vehicles, persons, or objects alongside t the outer edg 4 
and 
bath): Internal Interference: That type of interference which oceurs b between ; 
traffic units moving in the same direction in the same traffic area pie Osten ae: J 


direction to 


80 that the traffic involved does not arrive at its point ‘of conflies at the same — F 
time. In ‘cross- interference, the delay encountered i is the time lost due to the 
necessity of slowing down and: in many cases, stopping, and re-starting. 
- intersection it can be eliminated d completely by the construction of grade separa 
_ tions 0 on the intersecting streets « or, r, at a series of consecutive : intersections, by an oo na) 

elevated 1 roadway ‘through that section of the town. _ Such grade separations are i ae 
ecidedly expensive, frequently requiring the acquisition of more land area. 
_ Theoretically, the average typical intersection reduces the capacity of the inter- ae 
; ecting streets to 50%, not considering the delay due to Slowing down, stopping, _ 


and ‘Te- -starting, because when traffic i is moving on one street, the traffic on th 


the grade- intersection does not require : a in the speed of 


a reduced | speed i 


| 
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| 
required by that traveling from one street to the provided 
the streets have ramp connections. | Such ramp connections should be designed 
Bo. ae so that drivers. wishing to travel fr om one street to the other may do so bya a 
ee right turn. fb 5 This ‘type of movement provides less delay to traffic using the. ba 
fe street o on which the vehicle is traveling. _ The ramps that connect the roadwa ay 
to which the vehicle i is traveling should preferably be designed so that only a 
right turn can be made. The “clover leaf” design is an example. 
Cross-interference can be greatly reduced by signal control or other auto- 
~ matic devices, so that cross-traffic does not arrive at ‘points of conflict at the 
Ee same time. This is illustrated by the results: of the ' flexible progressive traffic 
ie signal system installed in Pittsburgh i in 1928. Prior: to this time the streets of cs 
the city were seriously congested. Since the installation of the | system in 
ia _ which time there has been practically no physical change i in the street system) ;: 
en? the traffic volume has increased approximately 40%; yet the average speed of 
a traffic in this. section was practically the same in 1936 as it was in 1928, 
‘This success is due largely to the: frequent. ‘modification of the signal timings at 
a individual i intersections and the co-ordination pattern that mae been a developed * 


ote study in 1934 of the action ‘of approximately 1000 000 0 pedestrians r a 
es the fact that 56% of the total number | approached the intersection on 7 

red signal, and one-half, or 28%, showed no regard forit. Of the pedestrians } 
who disregarded the red signal, 22.9% interfered with traffic that had the right 
es of way on the street the pedestrian was crossing . These data show that a 
pies ‘pedestrian interferes with the movement of street traffic on an average of one 
out of every fifteen times he crosses an intersection. i his value was obtained 
on fixed time signals having ¢ a signal cycle of of 50 sec. Further studies were made 
= at these s same intersections when the signal eycle was 60 | ‘sec, , and the results 
ep : were practically the same as those reported when th the signals were 0 operating at 
a a 50-sec cycle. Delays due to this interference by, pedestrians can be eliminated 
— by rigid e enforcement, requiring the : strict observance of the law prohibiting 
pedestrian movement during the red- signal period. In determining the proper 
~ length of the signal eycle, consideration should be given to the length | of time: 
a : ca that pedestrians are required to wait to cross the street. Studies made by 
Mr. J. Rowland Bibbins 1 indicate that. the total violations of pedestrians 
= oe crossing against traffic on a 20-sec red period would be be perhaps only one-half 
that on a 30-see red period, and the latter only about one-third that on a 60-see 
ae ae red period. — Although no data are available of the number of pedestrians 
pe - erossing in the middle of the block, thus interfering with the movement of 
Maes 3 e traffic, it is evident that delays from this cause are considerable. — Records indi- 
cate that this jaywalking of pedestrians is decidedly dangerous and frequently 
Co causes accidents. The Temedy for this type of delay is a rigid enforcement of 


the laws eliminating jaywalking» and confining "pedestrian ‘crossings to the 


When turning right or left at an intersection, a a vehicle i is required to cross. 
through the ‘pedestrian traffic crossing on the cross-walk of the throat of the 


street into which the vehicle is turning Bi Boon are available to show the ' 
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"studies of turn delays made in Pittsburgh at yey business intersections, it” 
Gas found that each right- turning vehicle delayed through traffic, traveling i in 
the lane from which the vehicle turned, an average of 0. 7 See; and that oe 


the interference of crossing the cross-wa 
_ which the vehicle is turning. _ Some of the remedies for these turning | delays ¢ ore > 


valk of the throat 


If are vehicles, i in a heavy pe it is 
! possible that the remedy may be the provision of a pedestrian interval in the _ ee 
‘signal | sequence, during which period no vehicles shall move. 


eo (b) If it is possible to sacrifice the flexibility of the intersection, the remedy 
-eould be the restriction of all turns, or of certain turns. 
If property can be obtained reasonably, it is possible that the remedy 
3 would be the construction of a circular arrangement, so that traffic desiring to 2 
ce left would proceed slightly beyond the intersection, turning right around a o 
circle and waiting for the red light before completing the movement through the 
_ intersection. . Such an arrangement would likewise interfere materially where. 
+ there w was heavy pedestrian movement, and would require the handling of the 
It is ‘possible that the Temedy w wo 
of ample diameter, preferably 250 ft, it would 
cross-interference, it would create a interference—to 
Possibly, 
tunnels between basements of large stores located at the 
— (f) A possible remedy would be the provision of pedestrian under-passes _ 
f here traffic would not permit turn eliminations, or the provision of of a pedestrian — 
aterval. The experience w: with pedestrian u under-passes on outlying m main 


arteries i in Pittsburgh has been extremely unsatisfactory, because of their li little a 
pedestrian under-ps ~passes are provided, they ‘should be extremely s: sani- 


tary, well- lighted, designed to require the least possible exertion on the part of 


pedestrians walking through them, and preferably arranged to attract their 
use, such as with show windows and connections to buildings. — 


gist 


should be educated as to their advantag 
he summarizing, the remedies for delays encountered by cro 


re of the following: 
—Elimination of cross-interference to 


) No crossing | on ary 


ahs the red signal light; (2) ‘no jaywalking. 
) Provision of a a pedestrian interval, during which period no ve- 


shall move, , and the other 
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of cross-interference due to vehicles 


(A) Provision o of grade separation inte intersections or elevated roadways. 

(B) Provision of a progressive. co-ordinated signal system, or its 

(D) of a far- side, right- -turn, circle to 


¥ 


‘OR Dur TO ‘MARGINAL 


Sa Rw interference i is usually created by the granting of conveniences to 


a fe ew at the expense of a majority. Its remedy i in general i is inexpensive and a 
nvolves limiting these conveniences. _ The greater part of marginal interference — 
is caused by street and off-street parking, and the loading and unloading of 5 
vehicles. Its entire elimination is impossible, ; as tke Courts have ruled that a 
"municipality cannot restrict a a vehicle from stopping for. that period of time 
necessary to load or unload a vehicle expeditiously. i It is an admitted fact, 
substantiated by the C Courts, that streets : are primarily for the purpose of the 
moving x vehicle. og However, such a vehicle is decidedly limited if it cannot stop 
to discharge any of its occupants or materials. The necessity of permitting 
- vehicles t« to stop for loading « or unloading has resulted in a considerable restriction 
of the use the curb lane. From lane-ratio data available, the curb-lane usage 
ae of a street on which there i is a moderate loading or unloading traffic is less than 
half of center lane, whereas | on other streets where there i is con 


co 


+ 


ee ‘ference is encountered the lane distribution ratio will be approximately y equal, as) 
indicated by other available data. This elimination of stopping has the possi- 
é ‘bility « of providing an increase 0 of 40% in the > capacity < of a , four-lane street. : 
Where parking is permitted on a street, it is found ‘that there i is generally no 
usage obtained from the curb lane. if this parking were prohibited, and if $ 
reasonable loading were permitted in the curb lane, it would be possible in some 
cases to increase the capacity of the street 50%; and, with the restriction of 
a4 loading during the peak periods, it would be possible to increase the capacity of — 
Le the street 100 per cent. This statement, of « course, is made with the provision 
that the curb lane has ample width for mo moving vehidies and that the intersections 
are capable of handling this additional traffic. 
In addition to the obstruction of the curb lane, the parked or Mating vehicle 4 
_ interferes with free- -moving | traffic i in the second lane by pulling i in and out of 


the curb” lane. The seriousness of “this « delay depends upon the number 
Ey vehicles s loading « and unloading, an and the rate of turn-over of f parked cars. ih 4s 
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has been | observed, 


have traveled had there been no parked vehicles present. This i is due to oo Naa 


preparedness ‘of the operator to be able to s stop his vehicle i in n the ev event that a a oe 


steps from between parked « cars into the path o of hits. vehicle. If parking v were 
eliminated, there would be no cars to pull out from the curb lane, and the dis- 
B® tance in advance that the operator would be able to see the jaywalking pedes- 
trian would permit the vehicle to progress at a higher rate of speed. InJanuary, 


1928, the City of Chicago, Ill., put into effect a blanket ‘No Parking” ordinance es : 
in the Loop District. In In comparing the data of 1926 with that of several wees 


as 


7, 


f subsequent to the restriction of parking, it is found that, in spite of 18. 3% 
&§ increase in traffic, street-car speeds increased from 18% to 33%, and speeds of : 
€? all traffic i increased 15% to 40%; in addition, total accidents were reduced 10 


, _ The delays caused L by 1 vehicles entering and leaving parking lots and garages — 
x is another form of marginal interference. Off-street parking facilities are essen- “ 
i in a business section, and as it becomes necessary to restrict ‘more and more 
street parking, the off-street parking facilities will be increased. A ‘Their success 
= depends largely upon their location and their entrances, and it is for ‘ this reason ae ‘ta 
+ that proprietors endeavor to locate them centrally and with entrances on main 
“thoroughfares. location of entrances to parking lots or garages on a main 
a artery is similar to the addition of an intersecting street and, unfortunately, 
a these lots and garages receive and discharge their tenants during the peak 
= Ecwreed of traffic movement. Efforts should be made to have entrances to 
arking lots and garages open on to streets having the least. congestion, and 


E preferably « on to streets that do not have through-artery characteristics. — These 
3 lots and garages should be designed with sufficient reservoir space a and operated 
5 with a sufficient number of attendants, so that vehicles desiring to enter them | 
not required to wait on the street or the sidewalk before admittance. 
q The exits should be located so that vehicles can be discharged on to a } secondary a 


street and, by way of f connecting streets, distribute themselves to their Tespec- 


REMEDIES FoR DeLays To INTERNAL INTERFERENCE _ 


Internal interference, being the type t that occurs between traffic units moving s 

in the s same direction in the same traffic a area, is , due in general to the difference — 
in speeds of the various vehicles, the tendency of certain vehicles to foul the Sa, 


Ng i or lanes adjacent to that i in which they are traveling, and any physical — 


of the that may the ne vehi 


- periods when traffic consisted largely of horse-drawn wagons, bicycles, and other 
slow moving vehicles, with the result that in many - cases the lane widths are. 

- not adequate for the f movement 0 of present- day traffic. — Formerly, it was 


the practice i in eatin streets, to 1 make the road ray 


way itself three-fifths of the 
e18 


particularly in the business section, that the traffic in 
a 
é 
— 
4 condition ia 
Tank 
f 
— 
— 


From 
Ee proses of such roadway widths it will be noted that there is no similarity i in : 
a the actual | lane widths for moving traffic. The current it design of new roadways : 
— business section provides lane widths for moving traffic of 9 and 10 ft, 
aa oe preferably 10 ft, and sufficient sidewalk area for the future development of that 


fe vase 


ee ee section. Where the lane widths are not of proper width (at least 9 ft) the : speed 
ss of traffic is reduced materially, and thus the capacity of the street is curtailed. — 


Pedestrian” traffic has increased materially i in business sections, and ij 
many cases sidewalks are not adequate to accommodate pedestrians properly. 


* Some cities have attempted to correct the roadway deficiency by encroaching © 4 


( on the sidewalk a areas, as, with the result that in many cases pedestrian traffic has 
been penalized. One possible remedy for an over-crowded condition of both 


vehicles and pedestrians: would be to elevate the sidewalks to provide more 
_ roadway area. This type of improvement, while | decidedly less expensive than 
ai the construction of arcades in existing buildings, or the razing of buildings, places 


an inconvenience on pedestrian traffic, unless the plan is adopted for an n entire 


area, as it requires the ¢ constant walking up and down to, or from , the upper 


Many of ‘the ana street ‘designs provided for such small curb radii at 


intersections as 6, 8, and 10 ft, which | required traffic that was turning ng right 
_ from and on to | relatively narrow streets, to proceed at a slow rate of of speed. 


Frequently, su such traffic is obliged to eneronch on the wrong side of the roadway 
i in ‘Inaking the turn. In remedying this condition by enlarging t the eurb radii, 


‘the: engineer must be careful that the curb is not made so inviting as to o encour- 
age an excessive rate of speed, thus subjecting pedestrians to a hazard. Where 
Pedestrian traffic i is relatively light a and the speed of traffic is , approximately 25 
miles per per hr, ¢ urb radii of 35 ft are preferable. _ Where pedestrian traffic is 
Bet heavy, it is suggested that the ¢ curb radii be modified to 20, ft, which will permit 
‘ : a comfortable speed for | passenger cars of 10 miles p per hr, ‘and in some cases as 

- much as 15 miles per hr, and a somewhat slower speed | for commercial vehicles 

having large turning requirements. . Where | the street paving is in poor - condi- 
tion, or where it is decidedly slippery for driving, ‘the speed of traffic is con- 


siderably slower than traffic: traveling on improved -skid "pavements. 


the possibility of skidding during slippery periods the speed of 
_ traffic in busy areas that are congested, is somewhat governed by the degree o of 
ae visibility afforded the driver. — Where there is sufficient street t lighting, w whether 
ae by store windows or street lights, o or a combination of both, so so that the driver 
can readily s see any object that may appear suddenly in his path, he is inclined 


to drive at a faster speed than at ; places where he must rely largely on the head- 


Another form of internal interference is that caused by vehicles 1 weaving 
from one lane to another. In order to permit flexibility of a street system, this 


a weaving is essential i in many cases. ° ~ Frequently, however, , vehicles weave from 
—_ lane to another, due either to the inattention of the driver, or to his desire 


ne sary weaving can be eliminated by 
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to 
eonfine themselves to it. the marking of will help 
materially to » guide motorists. Ina preceding part of this paper, a suggested 
~ solution for cross- -interference is to provide a rotary circle of proper diameter. 
The success of this type of a roadway i is due to the elimination of cross-inter- 
- ference at the sacrifice of weaving interference. The number | of arteries con- 
— necting the rotary circle and the movement of the traffic using the circle de- 
termines its capacity. Unfortunately, sufficient data are not available to 
; termine the exact capacity of a circle; nor are there sufficient developments of = 
rotary circle from which to obtain data, due to the fact that of the circles in| 
“use to- day, their traffic ic movements, roadway design, diameters, etc., are differ- 


cent From such | data as the writer has been able to 


5 000 vehicles per u 

ofa a grade separation of the “clover leaf” design, but considerably less expensive. k, 
The success of any business area depends upon the facilities available to the 
business houses to receive and their merchandise, which often 


speed, ‘compared to automobiles and street. cars, and require more 
- dane area when turning either right or left. Ina addition to the delays caused = 
by the difference in speed, the trucks (unless properly provided for) again create Eu 
Serious delays ‘when in the act of loading or unloading. _The municipality 
: should ¢ encourage all: new buildings to provide all-street loading, a as well as off- ; 
: street parking facilities. It should provide places such as loading zones where . 
_ these vehicles can pull fete the curb to discharge or to pick t up their loads, without — - 
_ stopping in the second lane. Establishments that are already developed and 
have not provided off-street loading facilities should be encouraged to gees 
their loading, if possible, to their alley or their secondary street exits. The 
municipality sk ‘should reserve these alleys for | use by the restriction of 
: parking because, not only do they provide the merchants with loading facilities, ie 
_ but ie are important fire- -protection factors for the buildings i in the congested is 
E area to commercial vehicles, because of the hardship it would inflict on the ; 
business establishments. «dItis possible, however (at least, at certain periods of 
the day) to restrict certain types of deliveries, such as coal, produce, etc.; and 
& such arrangement can be made with the express companies, thi that they en- 
_deavor to do most of their delivering prior to 1 noon. _ From studies made by ol 
Bureau of Traffic Planning Survey, i in December, 1934, in Pittsburgh, 48% of 
vehicles that. stop at the curb are being loaded or ‘unloaded. with « either 
Passengers or merchandise, which indicates” 
‘The operation of taxicabs i in the congested area creates another form o of i in- 
- ternal interference during the peak periods of the day. The taxicab, unless 
otherwise e regulated, will travel at a slow rate of speed, because the driver hopes 


to have a pedestrian hail him for service. ih This i is encouraged by the practice te 


of taxicab companies that compute the wa wages s of their ae a ‘Percentage _ 
Dasis ¢ of their day's 8 W 
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or he “might not see the pedestrian signaling for him. A of the 

_ operation of taxicabs in _ Pittsburgh showed that 26% were cruising (that is 3 
; Eo carenge—vens the same location 1 empty twice or oftener within a 30- mia 

The municipality may remedy this interference caused by cruising and 
- ‘moving taxicabs by requiring taxicab companies to provide adequate 
ne - off-street parking facilities, and to see that ordinances be enforced rigidly. 


re However, taxicabs are not the only vehicles that “cruise.” Studies made he 


many intersections i in the business district of Pittsburgh showed that in some 
cases 17% of the traffic on certain streets was cruising traffic (that ‘is, traveling 
around the block either looking for a place. to park, ¢ or looking for a person they f 

were t to meet, who happened to be late, etc.). To remedy the ‘delay caused by 

the cruising passenger car is decidedly difficult This problem has been. 
in one or two cases it in Pittsburgh by restricting the parking, which eliminates 
"those. vehicles looking for a place to park, or by restricting turns at the inter- 

sections where cruising is prevalent. parking 

_ have made it so inconvenient for the | person cruising that many have been dis- 


re  eompaged 3 in this practice, and have arranged to meet people in less congested 


“3 ie At wide, uneven intersections having a large street area, where many of the 
ae vehicles” weave and cross each other, the construction of: islands and the “c chan- 7 
i nelization” of the roadway confines the various ‘movements to their ‘proper. 
: anes, and frequently eliminates many of t the weaving and crossing delays that f 
AS _ formerly existed at the old intersection, in addition to creating a safer condition 
‘The co-ordination of signals enters into internal in that the 
Ps time for starting and stopping the various types of vehicles differs materially. 


‘If f the signals | are co-ordinated so that the necessity for stopping and re-starting 
is s minimized, many of these delays will be eliminated. 
bw Probably the most serious type of internal interference is due to the loading 
and unloading « of public « carriers— — —the street car and the bus. . With the modern 
_ improvement of these mass transportation vehicles and the recent development 
_ of the model street car, the delay due to different. traveling speeds has been 
— reduced. is! The bus, when stopping to pick up or to discharge passengers, - 
3 "pulls over to the curb and obstructs the curb lane in the same manner as 8 
_ parked ca car. . The street car does no not have the flexibility of being 2 able | to pull 
& the curb to pick | up or to discharge its passengers, 80 that, in many cases, 
when in the act of loading x or unloading, it obstructs not only the curb lane, but but 


S: also the free | jane i in which the street ¢ car travels. ‘if the adjacent ; area is con 
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= up or to discharge pinata but must proceed to oe sai intersection as 
‘This is a drastic remedy and would create a decided hardship for the people — “ 
rely on the mass- transportation vehicles. ite 
As previously stated, considerable internal interference has been due to sin’ 2 
lifference in the ‘speeds of the various types: of vehicles and id the necessity for — : 


the mass transportation v vehicles to : stop frequently, to pick u up or to discharge 
passengers. A possible remedy for this interference is illustrated the ex- 


a perience Pittsburgh where two main ‘adjacent thoroughfares, Smithfield 
s Street and Wood Street, were restricted to one-way traffic, northbound and — 
a southbound, respectively. — The effect was to restrict the parking of automobiles 
y to the right-hand curb lane, and the ‘slow-moving ‘and mass- -transportation — 
d vehicles to the lane adjacent to the parked vehicles. The success of this plan | oy 


is illustrated by the lane-ratio data recorded at every. intersection along these 

+ two main streets, which show that the extreme right lane has a usage of 2 2. 5%, 

the lane adjacent to the parked vehicles usage of 24. 5%, the next or third 
a lane from the right, a usage of 60.5%, and the extreme left curb lane has a usage _ 
d of 12.5 per cent. This indicates that the left half of the street carries 73% of — ae 


4 the traffic, whereas the right half carries 27 per cent. If two- -way traffic were 5 


i¢ M permitted on these streets, there would be considerable request for permission in 
» to park on both sides of the street, and it is probable that street cars would — 
or - operate i in n both directions 0 on both streets. s. These data indicate that making» eet 


provision of lanes for the faster moving and it does not the 
“capacity. of the streets to that of the slower moving vehicles. It is not practi- if 
— cable, howe ever, to confine any street to one-way traffic. Study should be made © 
of the origin and destination of the traffic using the streets, and the possibility © 


of ready. access to and d from the various destinations. . Unless: such consideration wird 
wee 


Ps is given, one- -way streets a1 are likely to ¢ cause an unnecessary distance of travel — 


The of medial interf nee is on the lane widths 
a the roadways. a here the lanes of a street have a width of not less than 

r 10 ft, there is little or no medial interference. As the lane width is reduced 
‘salddes traveling in opposite directions will proceed at slower rates of speed. 
Medial interference i is created when faster moving vehicles desire to overtake 
and pass other vehicles by pulling around to the wrong side of the roadway. 
This type of interference can be eliminated readily by the construction of cente 
‘Strip islands, which have yet another advantage in that they can be designed 
3 to provide a “reservoir” off the roadway proper permitting vehicles to turn — 
left without obstructing free-moving traffic. — The effect of the center strip 
island is more to eliminate the hazard of accidents than to minimize delays of 


‘affic. is felt, ‘that such constructions are in 
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preceding } parts of this paper have « dealt with the various types ot 
2 interference that cause delays to motor traffic. As to the exact seriousness of 
these delays, little has been published except to evaluate it in terms of units, 
‘ aia relative seriousness is dependent upon the volume of traffic that is in 
volved during certain periods; ; as this volume increases the congestion will 


decrease, and a as it decreases, congestion will: decrease correspondingly. 


volume of traffie that must travel on the various streets and | 


s meer possible remedy for reducing the volume | of traffic during the peak period 
is to stagger the business hours. This solution has been discussed for many — 
«years | } and, in some cases, has been found impracticable because of the inter- 
3 oe locking of the various types of businesses. It is doubted whether any sincere 


__ experiment has been made of the | staggering of business hours, because of the . 


> 


example, when production i is ‘necessary, factories and mills operate 24 he 
day; milk companies deliver milk i ‘in the early hours of the morning 


he the public demands fresh milk for breakfast; and meat packers, in order that 
their products shall ‘not spoil, must deliver their loads before the sun is ak be 


| 


acy 


tries realize their loss because of the congestion of traffic, they ' will a 


favor changing their transportation schedules to more profitable hours. Such 
a ae solution of a whole-hearted staggering ¢ of business hours is possibly “far- 
fetched.” However, it may be the ultimate soiption that the American people 
in order to remedy their traffic “snarl.” such a plan were 
the critical peak period, because’ ‘of being distributed over several 
by periods, would be materially reduced, and congestion would be correspondingly — 
possible of decreasing ‘the of traffic is make 
careful analysis and survey of the e existing mass transportation system. Dur- 
ing the ten years, 1927 to 1936, the private automobile (which cai carries: merely 
an average of 1.8 persons) has transported about 50% more passengers into 
Rc business district than formerly, whereas the total number of passengers — 
carried by mass-transportation vehicles has decreased. has been due to “4 
oe 8 change in the mode of transportation of the general public from that of the 
“original mass-transportation vehicle to the private automobile. This change 


has probably been due to the additional convenience afforded by the private 


: 
B ao 


as The engineer of a municipality, whose duty it is to facilitate the 


movement of traffic safely, should strive to handle the largest. number of 
5 people i in the least number of vehicles. There is little question but that an 
ae dividual, when driving his automobile to and from work and parking = 
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ved, there is little but that the of private in 
the congested § area will be reduced, which will Telieve the and 

survey should be made of the various ‘routes of the 

a carriers: Their : speeds, their points of loading and unloading, and the type of 
- ‘their service. — There has been considerable controversy over the proper type 

l ; of routing for surface carriers in a congested a area. — ‘Three types have been ad- 
vanced: _“Short- looping,” “through routing,” and general routing. “Short-— 
looping’ ( 

business area, discharging and picking up their and p 
4 &§ “away from that section. a In “through routing,’ ” the common ‘carriers proce 
straight | through the business | section, stopping to discharge and pick up pa 

1 sengers as required, and proceeding in the opposite | direction from which they 


4 ‘originated, to the end of the line, where they turn n around and nea back t 


arious large department stores, into the center of the and turning 


for this condition of the private. with the common 
carrier. of the solutions to the present day involve the con- 


oe 


hese facilities, « and must stihe entirely on surface common carriers, has a more 

a critical problem. ‘The engineer of a municipality should strive to improve — 
nass transportation facilities, which in the end will decrease the ioe of the 

ate automobile in the busy areas, and thus reduce congestion. 

A third possible solution for reducing traffic volumes is to study and analyze ie 

street systems carefully to determine whether adequate by-pass facilities are — 


"available to avoid congested areas. From an origin and destination count 
in | Pittsburgh, indications ¢ are that 49.7% of the vehicles entering the 


«CB 


ent throat fi from that t by which ere entered, within a period | of ‘20 min, which 
d lee was prostleliy equal to that required to travel from the entry throat t 


| 


use connection through the down-town ‘section. From analysis of. 
- these entering and leaving data, it is evident that not only does this through 
traffic hold consistently through the day, but that during the | peak period 
from: 4:00 P.M. - to 6:00 P.M., 53. 3% of the flow in the business section was: 
through traffic, which, if eliminated, would materially relieve the congestion. 
‘This is a startling example 1 to illustrate t the relief of congestion that would a 


congested area. spends several times the money that he would in using 
— 
— 
— 
— 
— 
— 
— 
=make many turns, cross one another frequently, and travel practically a 
= ie 
a 
— 
— 
— 
f — 
ne should not be misled by this statement, to conclude that facilities are 
> Binet Miser in Pittsburgh to enable the avoidance of the congested area, 8S eS 
af 


— 


hart there are several entry routes that can be a st However, these routes do not 7 
have the characteristics that would encourage motorists to use them in prefer- 
ence te to the route through the business section. — By-pass routes provided should — 


be of a characteristic high- speed design, so as to minimize delays, and should 4 


connected properly to all the entering and leaving arteries. ‘Unless a by- 
Earn pass has a high-speed characteristic and is attractive to ‘motorists, it will be of 


= value, and will fail to serve the purpose for which it was: created. | deo 
Prior to making the “ “origin and destination” ’ count an engineer r making t the 
; = ent that 53.3% of the flow was through traffic would have been criticized, 
it was 8 felt to an absurd value. Consequently, it is probable that this 
n other cities, even if hi asa officials feel that they have 


A it 


cited, the engineer will determine whether e being used 


> few the > purpose intended, and if if they | are not being 80 used, an analysis: of these 
eg —_ “pass routes should be made to eliminate the delays that are diverting traffic 


of possible of ‘resteietion. of turns, “of 
pedestrian traffic, etc. After a careful study has been made and regulations — 
are * b ded and ted, it is neces ar that they be enforced 
_ have | een recommended an enacted, i Ss sary y 

a rigidly, : and this is the province of the police. _ The engineer should be assured 
= of the full | co-operation of the police authorities on any regulations established. 
To enact a regulation does not fulfill the remedy for the delay in traffic; the 
removal of the vehicle causing the conflict is also_ required, and it is ‘that 

eae conflicting vehicle that must be 1 removed by the police officials. sole ill ae 
A municipality should have highly " trained police officers, deserving, and 
| having, the e respect of the motoring public. — Such a staff will facilitate te materi 


ally the movement of traffic and will be prepared to reduce « congestion in the 


and i ‘increase the of as street system is 


4a possible, as illustrated in several ways i in this paper. _ Responsibility for the 
particular type of remedy to to be devised is ; plac ed u upon ‘the traffic and city 


planning engineers. Their decisions must take many phases into account, 


as the habits of the people, the demands of merchants, the cost. of the 


proposed improvements, and the extent, of the relief that is to be expected. 


- In many cases, it has been found advantageous, in making such decisions, to 


; temper the recommendations of the engineers by the opinions and suggestions 


a group of citizens representing all classes of society, sO that | by providing 
an opportunity for every phase of business - life te to consider the “problem, the 


best possible solution may be obtained. However, ‘the engineers know | the 
causes of f congestion and the remedies ‘for i increasing the capacity of existing 
ey street eamegd and 2 any final decisions should be made with their guidance and and 
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Synopsis 


Any detailed analysis of motor-vehicle a 2 rec cident reports discloses numerot 
ns circumstances, and situations involved in the problem of hig hway 


accidents Consequently, hundreds of cau ses considered and, t 


‘the problem further, these cause ers either singly 


eombination. Therefore, it is difficult 


curacy, the ‘exact number of accidents: be to the 


or the highway user. ~All three elements are involved, 
contribute i in one way or another, and in varying degree 


bat the highway us user (the driver and pedestrian) i is r nsible 


other words, ‘most motor- ‘vehicle 


f improper action on the part of the person or persons involved, regardless 
a whether § such action was ; wilful, or due to negligence p pr ignorance. = es : 


It seems reasonable, therefore, to suppose _ that if all highway users knew, | = 
d would voluntarily observe, safe fe highwa ay y practices at all times, the 


da 


lay y accident problem would be materially. lessened. _ Actually, how rever, the 


solution i is not so simple. . Because ‘of human frailties and the > impossibility 


ing a and governing the actions s of all } persons | at all times, safety on ‘3 2 
the highway i is made. extremely difficult. Educational endeavors and 


enforcement activities only ‘essential but invariably ‘Prove 


However, “such activities, despite their importance, are nc not in themselves 


complete solution n. It is is necessary that ‘roadway facilities be designed 
"applied which are inherently safe, as far as possible, in order to render th 


failures of human beings. of lesser or little importance. tin 


Roadway facilities, of course, are of many component parts, a number of 


which may be classed as major | or highway improvements. ye Time and ‘space will 


ot permit a discussion of all such improvements, and it is ‘the purpose of the 


therefore, only those about wi accident facts are | 
t 


concerned highways primarily, i in rural or less 
areas, scope of is confined largely to improvements on 
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n this ¢ connection, it is important nd also of interest to have some knowl- 


edge of the accident problem as it exists in in New Jersey and as ‘ensues 


1934 New Jersey ‘Hicuwa AY y System 
are taken from reports: of accidents filed by the — 


‘motorists involved, together with supplemental reports from police -and other 
officials concerned with | _motor-vehicle traffic and highway accidents. The 


include accidents involving death and “personal injury, as well 
_ those resulting in property damage t to the extent of $25 or _ ale 


Total Accidents.- —Table 10(a) represents the number and severity of acci- 
dents in New Jersey during 1934. Of the total accidents, 3.5% involved 


8, 8, 55. 9% involved Ayu) injury, and the > remaining 40. 6% Spmeerned 2 
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t is s interesting to compare | this percentage of State highway accidents to 
total accidents with the percentage of State highwa ay mileage to total miles of | 
a ads i in New Jersey; for example, of the more than 35 000 miles of improved 
and unimproved roadways in the State, only slightly more than 1 500 miles, 
or nearly 6%, represent roadways under the jurisdiction of the State Highway j 
Department. In other words, about 6% of the State roads are the scene i 2 
more than 21% of the accidents. - Such a comparison, however, is not neces 
sarily a measure of the hazards of State highways, , as consideration 1 must be 


e use made of them. Unfortunately, vehicle-mile data, segregated 
by the jurisdictions « of the different classes of official bodies, are not available. ’ 


ther 1 it is found 1 that, of t the total | State highway ‘classe, thos 
fatalities, in percentages, equalled nearly twice the | peroentage 


as ‘it concerns 
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comparison injury a percentage slightly less than, 


that: for the e remainder of the State. However, if pedestrian accidents are 57: 4 


s excluded from the results (as most accidents of this class occur in urban or a 
built-up | districts), it is found that the percentage of fatal and non- -fatal | acci- ; 


dents to total accidents is s greater on on State highways, in each instance, than Wee a 


on the remaining roadways of the State >. This i is the result of higher average 


F “speeds on State highways, of course, and a lesser enforcement of laws and 

supervision of activities in rural areas than i in urban and built-up areas. 
A comparison of pedestrian accidents « occurring on State roads with those — 
the remainder of the State, indicates that, of the total pedestrian accidents 

on State highways, 25% concerned fatalities, whereas for all other roadways, a 
only 6% resulted in fatalities. _ This, too, is the result not , only of greater 
speeds, but also of the lack of pedestrian sidewalks or pathways along most 
State highways, a as well as lack of p proper and sufficient illumination. eae 

Location and Time of Occurrence.—Of f the total 

a in 1934, 40. 4% occurred at street intersections and tic remaining ia 
a 59.6% at intermediate points. — . It may be seen, , therefore, that the sections of 


State highway having little or no cross-movements of traffic are. the more 
hazardous. _ Accidents that occurred at night equalled | 46. 3% of the total, 
occurring during hours of daylight represented the remaining» 


53.7 per cent. the that approximately one- fifth of the hr 


nearly one- -half the ‘endian: _ In other words, it is more than three times as 
Accidents per Million Vehicle-Miles. s.—To afford a comparison of accident 
-_ experience and hazard on State highways ¢ of different widths, an analysis was 
‘made of accident rates on those roadways or parts of ro roadways having two, a 
hree, and four improved, hard-surfaced lanes | for the purpose 0 


TABLE ll _—Accients PER New Jersey Srare 
Million vehicle-miles 4 Number of accidents per million 


; 
, for the State Highway System 
“studied, the average accident rate equals 3. 10 per million vehicle-miles, whereas 
on | two-lane roadways the rate is 2.75, | on three-lane roadways, 3.53, and « on 
4 four-lane roadways, - 3.61. In other words, an increased accident rate occurs A 
‘With ani increased width of highways; or (contrary to common belief) the wider 
the 1 road the more hazardous itis. Iti is s interesting, tony: to note that, | 


; 
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dc by this stater 
the construction of three-lane However, the facts do prove 


greater by 0.08 accident per million vehicle- -miles than on three-lane roadways 
There are many possible explanations for this condition, the primary on one being 
that, the wider the road is, _ the more flexible will be the movement of traffic 

or r enforcement prevents such 


on two- lane, three-lane, and 

four- lane ondways is shown in Table is seen that fatal accidents 

of the highway, whereas non-fatal and 

regard to highway Width. 


the ‘accident two- lane, three- lane, and -four- lane 


verage Daily Traffic, in Thousands _ 
RELATIONSHIP Between Darty TRAFFIC AND AccipENTs PER Mins FOR 


Same-direction ‘accidents, however, with the width, 
opposite- -direction accidents Gnvolving a a left 


fluctuated without to highway v width. 


ind still 
Relationship Between Daily Trafic —To the 
elationship between | daily traffic and accident experience, a survey was alll 
on; two- lane roads, or on sections of two-lane Toads, in the State ‘Highway 
‘System, the 1 results of which are shown in Fig. 4. It is interesting to note the 
rather definite relationship between sont Hi traffic volume and the number of Ae 
accidents per million vehicle- -miles. In ther word s, as the ave average daily 
traffic i increases, accident experience, basis, Jikewt 


ima ately 7 000 vehicles per ¢ day, which i is considered by many a 


least in so far as New Jersey is concerned) ‘that the rate on four-lane roads i 7 j 
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which have occurred 
the New Jersey 


is 


| a fulness of some of the * 20 


primarily because of and the resultant in and 
bility of during heavy traffic hours, , the 
the accident: rate, despite the increase in traffic. 


dents of 1 various topes 


of 
At Intersections. 
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be 


em will give in- 


probable degree o of use- 


en intersections 
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Same Opposite Pedestrian Opposite Fixed Other 


provements of to -day. or AccrpENTs oN STATE 


j ; relationship of various types of accidents to total accidents, arranged so sO as to Mee 
_ compare those occurring at intersections and between ir intersections. f hastens 


Assuming that ‘it is Physically and economically possible to 


: adequate shoulders for stopping, pedestrian sidewalks or 


ays, "prope oper and sufficient highway lighting, plus other possible advanced 


eatures, 15% or more of the accidents that occur to- day could be avoided. 
In other words, the use of such highway safeguards would make it physically __ 


to many of the types of accidents in Fig. 


“hens the highway, except at specific points where there are grade separations, 
Would almost entirely correct the right-angle collision type of accident, 


a left. turn, A center island would prevent most head-on ‘collisions 

ve ‘Possibly, too, it might have some effect on same- -direction, a s well as other, 
sidewalks or pathways major highways would 
lave pedestrian 


i. ings, will enable a reduction of § all ‘accidents, many. of which are of the same- 
direction type, fixed-object type, as well as the pedestrian: type, and which | ‘i 
are chargeable to inadequate vision and illumination. 

It is impossible, of course, to ‘reconstruct the State Highway System ee 


such a Tanner w without prohibitive expenditures of money. However, much 


can now be done toward applying some of these so-called highway safeguards | 
major improvements. “Such action will enable a reduction in accidents 


heient to make the necessary expenditures economi ally proper: “Consider, 
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RAFFIC PROBLEMS 


in most instances, major highway improvements on the State | highways of 
ae. New Jersey were constructed as a part of the initial system and, ee be 


‘Teliable “before” and “ ‘after” ‘records are not available. In the case of divided 


roadways, however, it is possible to obtain some rather interesting and reliable ; : 
and “after” facts for parts of highways that | have been converted 
from an undivided highway to’ that of a divided type. <j In the case of other 
major improvements, and where it has not been possible to obtain “before” 
and “after” records, interesting comparisons can be made indicating the use- 
Divisional I slands. —Divisional or -eenter islands that separate. opposing 


flows of traffic, when properly constructed, it. ‘practically: impossible for 
traveling i in directions to collide head- -on. This type of 


= 


and adequate “before” and ‘ “after” studies 
the usefulness such construction have not been possible. Ass a 
‘Tesult of converting parts of State Highway Route } No. 26 from a a four- 
ange undivided. highway to a four- Jane divided highway | (by sliding o one lane ik 


age 12-ft center island, and adding an additional lane to make available a two- Jane 
‘roadway on either side of the island), it has been possible to obtain “before” AN 
and ‘ “after” records for a rather limited period. Table 12(a) represents a 
“before and “after” study o on 2.1 miles of this highway i in a the Tows nship of 


ae review of Table 12(a) indicates a a general reduction of 36% in accidents 2 
ei of all types, after the e conversion. It _ will be e noted, too, that no not all types a 
accidents have ‘decreased. Some indicate no change, whereas one type 

shows an increase. It is important to note, however, that this study—repre- 
@ senting not only a rather short section of road but also a limited period of time 
aot « quite five months)—is inadequate to determine with any degree of cer 


ac * is the writer’ 8 8 opinion that a reduction somewhat comparable to this will = 

an be ‘shown as time goes son. Incidentally, a all characteristics of the converted 

; highway, remained the same as before, with the exception of of the construction g 

Another example of accident experience after the construction of a center 

3 

. pe a island, but v where the roadway was converted from a two-lane highway toa 

4 divided highway, is State Highway Route No. 25 Cinnaminson 
‘Delran Townships. Table 12(b) shows the results” of a “before” and 


“after” analysis this: stretch of highway, representing 


and whereas: ‘some types” of are. reduced, others are in- 
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AFTER IMPROVEMENT 4 


«SInter- | Inter- Total Daylight 


o Routes Nos. 4 anp 25, as 


at right angle. 
Approaching in same direction. . 
Pete turn in opposite directions: 


object accidents 
a Pedestrian accidents 
Other types of accidents. 


In CINNAMINSON AND DELRAN || (e) INTERSECTION OF Rovr No. 
TOWNSHIPS, FROM Two-LaNne AND AVENEL IN 
To Four-Lane Drv IDED Woopsripes TownsHIP 


PaRKWAY 


Approaching at t right angle..... 
_ Approaching in same direction... 
Approaching i in opposite directions: 
: Left turn 


7 o 


Fixed object accidents. . 
Pedestrian accidents 
Other types of accidents 


Total... 

© on Coen 
Istanp, Rours No. 25, 


‘THE Crry OF ELIZABETH ps 


at right. angie. 
_ Approaching i in same directio: 
\pproaching i in opposite directions: 
«Left turn 


Be 
* credited to the conversion 
poreated as, in addition to the construction of the 10-ft to 12-ft center island, 


roadway width was increased two lanes t to lanes a favorable 


: 
TABLE 12.~Accipent Experience, New Jersey STaTe 
|. — 
— 
— 
3 ..| 3] 1] 4] 2] 2 
21) 47) 4] 3/25) 50])..) 3) 6) 3) 3] 6 
d 5 | 58 | 72 || 1] 8 7116) 5) 5 
— 
of 


fe 
este No. 25 in the City of Elizabeth. Table 12(c) a of 


es accident | experience along 1 3 miles of this. highway before and after the 
Re) improvement. a This thoroughfare w was initially constructed with narrow islands 
a = on each side, approximately 4: ft wide and 20 ft from the curb lines, to segregate 
local traffic from through traffic. ae As the ‘roadway width between curb lines 
. oe was 96 ft, there remained approximately a 48-ft roadway in the center betw een 
Se improvement concerned the removal of the so-called local islands ar ond: 
the construction of ¢ a center island, 16 ft wide, down the center of the highw: ay, 
leaving, therefore, a a 40-ft ‘roadway on either side of the center island. A 
‘ review of Table 12(c) shows an increase of about 247% 3 in total accidents ates 
the improvement. Only two types of accidents have increased, however, and 


a of signal units at the sae signalized intersections along this stretch 
of highway after the improvement, in a manner such that motorists traversing 

is 5 the highway can unmistakably | receive a signal command sufficiently in ad- 
vance of the | crossing to govern their actions accordingly. It is planned t to 
re-locate ‘signal units properly along this highway, and to improve their 
——— and the writer firmly believes that after this further improvement 
is _ there will be a material decrease in this type of accident. — Assuming that a 
decrease can be accomplished, it will be seen that the improvement of this 
stretch of highway—eliminating the 80- called local islands and constructing 


a center island—will have a favorable effect on accident experience. ae a 
OES ‘With regard to the improvements at all three of the aforementioned loca- 
tions, ‘it is interesting to. compare the “severity | of accidents before and after 
the improvement. For example, on Route No. 26, in } North ‘Brunswick, fatal 


accidents decreased from 2 to none; injury ‘accidents increased from 3 to 5; 


property damage accidents decreased from 6 to 2. ¥ 
ee peek On Route No. 25, in Cinnaminson and Delran Townships, fatal : accidents 
pags ~ decreased from 2 to none; injury accidents decreased from 14 to 5; and prop- 
erty damage accidents decreased from 14 to 11; and on Route No. 25, in 
Elizabeth, fatal accidents decreased from 2 to 1, injury accidents decreased 
from 48 to 19, and property damage accidents increased from 8 to 52 : 
“Grade Separations and Trafic _Circles.—Unfortunately, it has been im 
“after” records: for intersections of f highways 


by grade, and traffic circles. However, it is to 


from 
period ¢ f the ultimate resu ts 
— - hat more indicative o 
es ae the improvement. __ he ‘effect of the construction of a center island, but 3 
ae 
| 
— 
/ 
— 
Se 
\ 
— 
— / 
ong 
w Jersey with that of a signalized highway intersection a fie 
tr uctied in Nee hort distance to the north; 


Path of Motor Vehicle 
Pedestrian Path 
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hal 


4 
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Clear 
M. Clear 


Mar. 7, 4 P.M. Rain, injury 


Mar. 30, 5:30 P.M. Clear, “nnn a 
Fixed Onject 


(d) INTERSECTION 


t of 
Fig. 6(a), with Table 12(d), indicates the type of 
that occurred on Woodbridge Cloverleaf, where State Highway Routes 
Nos. 4 and 25 intersect; and Fig. 6(b), with Table accident 


lo. averages: approximately 25 000 vehicles daily, whereas 
Route No. 4 carries about 15 000 vehicles daily, or considerably 
‘more than the local roadway intersecting with Route No. 25, shown 


3 in error, , took er wrong roadway 0 or beste beyond their turn, and then, 
in an “effort to ¢ correct: ‘themselves (and in violation of. traffic 1 regulations), 
_ attempted to make a left turn where such a turn was prohibited. Sasa s 
m Figs. 6(c) and 6(d), with Table 12(f), _ show a: similar ‘comparison but be- 
veen a traffic circle —* signalized intersection. . The collision data corre- | 
“Accidents due to approaching ¢ at t right angles. . 
accidents......... 
Total 
4 oth cases being property damage only. In this case, ‘the : signalized crossing 
; (Fig. 6(d)) is on the same highway only a short distance - to the south of the 
traffic circle e (Fig. 6(c)). | The volume of traffic on Route No. 25 in this section : 
quals approximately 13 000 to 15 000 1 vehicles pe per day. ‘. Despite the constant 
operation: of traffic- control ‘signals at the Georges Road intersection 26 acci- 
dents occurred there ‘during 1934. Most of these accidents, however, \ were 
the result, either directly or indirectly, of the numerous left turns from the q 
north to the east. ; Without. doubt, a properly designed and constructed traffic 
circle at this intersection would greatly c curtail these accidents. 
Highway Lighting.— Unfortunately, reliable ‘ “before” and “after” studies 


‘enabling a determination of accident experience after the installation of high- 


way lighting, are not available i in New Jersey ti As a result of ¢ a sega made 


properly lighted with up-to-date equi ment, the along Route No. 
26 has no lighting » whatever, except at a few isolated points ‘or intersections) — 
some 1 rather interesting facts were developed. _ These facts: were e reported i in a 


sented the New York | Section of the Tlluminating Society, 


2 The conclusions arrived at as a result of this study were, 


there is a definite relationship highway lighting and 
accidents and * * *, in highway is pro- 
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there ‘substantial reduction in night accidents. This reduction in 

E night ‘accidents results in an economic saving in all cases in excess of the cost 
ey providing street lighting, not mentioning, of course, the suffering and 


sorrow which inevitably accompany motor vehicle accidents.” 


Other I -—There are m many other highway improvements, 


eourse, which may be classed as major improvements and which have | 
favorable effect on accident experience. Such ‘improvements might include 


~ better sight distance at curves and hills, as well as at street intersections; — 


flatter crowns and curves; shoulders wide enough to permit vehicles to park f 


off the normal traveled part of the highway; and the proper use of standard 


“signs, signals, and (ond these only at locations where they 


“safeguards” as well as the use of proper “‘safe practices”; that is, unless and 
= the highways as well as motor vehicles are provided with proper 


adequate ‘ “safeguards” and the highway user performs ‘ ‘safe practices” when 
making use of these facilities, the n ‘motor- vehicle accident will not 


ed Properly desig d and applied, major highway improvements or “highwa ay 


= produce a favorable effect upon traffic accidents. 


these however, are not cure-alls and, with streets and 
as they generally exist to-day, and the impracticability of their immediate 


_Te-construction, it is necessary through educational endeavors and enforce- 


i as well as to maintain the ; proper r attitude toward the other fellow when 
on the highways. - Such campaigns will de do much _ to curtail the horror and 


“suffering now caused by motor- -vehicle accidents. most fruitful field of 
endeavor to-day i is that of t aching the use of he highway 
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TRAFFIC PROBLEMS 


T, GRADE, 


The preceding papers of this ‘Symposium have with causes of traffic 


congestion and accidents, and haves ‘opened 2 a discussion as to’ necessary reme- 


No adequate discussion of ‘this: subject: would vithout 


INTRODUCTION 


function of major highway is to. connect or of 


during the early | stages of the a automobile, the | principle 

in considering the relative merits of two or more locations for proposed highway — 

< _ Projects was the question of direct costs, and usually the best route was deemed = 

_ to be that upo outlay | 
of funds. On the basis of the then existing light volumes of vehicular traffic | 

this probably was nc not bad economics. As “result of this application of 
concept, however, most highways at. that time followed the “lines of least 

resistance” to construction problems and rode upon the back “of. Mother 
i Nature’s surface, following ¢ contours, hills, end valleys. The consequence, ‘in 

erritory where topography not kindly ‘subdued, was roads” of irregular 


Py With the e rapid development of the automobile gr dually came the rea ation a 


that costs other r than the ¢ direct payment of highway construction were in- 
The riding public was asked to pay these bills, and rightly | 80; but 4 
the design of the highway for which this public paid was such as to make > him 
tray vel longer distances, Tequire greater time, ; and combat m more accident hazards . 
than would be necessary over other possible alternate routes, then this public ; 


tion ¢ and probably a a ‘greater total p price for highway use than would be required — * 
with improved and. location and development. This condition 


Wece obviously 1 would be paying proportionately higher costs for automobile opers- 


a line, was of practically uniform grade and, 


_ would not justify the expenditures t that would be required to ‘overcome | the : 
obstacles of Nature and property developments. ‘Thus, for the conditions of 
to- day in in general, neither extreme i is sproper. 1 A. | The problem now usually resolves z 
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elating to cost, al at 1s the burden of this paper. = 
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etermination of the most economical highway 


; will connect, the p ‘points of termini in 


s. The costs involved in highway construction have been designated ‘ ‘direct 
and ‘indirect.’ Direct costs include all expenses for the actual physical con- 
struction: of the highway improvement. They co consist of the following: (1) 

Right of way and damages; (2) construction; (3) overhead; and (4) depreciation © 
and maintenance. “2 he indirect costs are: (5) Automobile operation; and (6 


te intangible difficult to the latter i is more 

measured; but this paper is confined d to co considerations | of erry economics Boe 
oy _. Traffic Considerations.—When considering two or more locations and types 
of development for a proposed highway, the most economical route ¥ will be that re : 
which r requires the least annual expenditure for - fixed charges, a automobile tg ; 


‘operation costs, depreciation, a and Maintenance. i wig 1 


+ 


i point i in the analysis ¢ of all highway problems i is traffic. nid _ The first question to. 

4 be answered is “What are the volume and characteristics of traffic likely to be — 
during the life period of the highway improvement?” In the past, this has been 2 ? 
difficult to foretell because of the almost unbelievable advance of the auto- 
mobile. However, it. seems th future forecasts will | be somewhat easier 
because primarily t the volume of traffic bears a proportional relation to ‘popula- BAL 
tion gain, which decreasing and probably will continue: to decrease to a 
‘point of practical stability. Moreover, the ownership of | automobiles NOW a 
“slightly” less than one per surely must be approaching a “point 
of saturation.’ ”” Although the average daily use of cars probably will continu 

to increase, a practical limit cannot be far remote z) Certainly, automobile 

cannot continue forever to install more and more speed in their 
new models. Their appeal to the wants of car owners, of necessity, will 
P toh be in other directions, such as greater safety and comfort, and in simplif ying 

a operation technique so that practically every one can drive 1 with ease : 

ee - Recessary analysis of traffic demands should be made 1 with ‘these and other ¢ con 


: 
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May be because the volume and characteristics of highway traffic are 
- continuously from section to section. 3 The only way to make a reasonably 
_ §ccurate determination is by means of a careful and painstaking study of the 
‘ local circumstances of the | problem . In general, , however, traffic characteristics — Le 
May b be classified somewhat in accordance with the type of community develop- iat 


ment through which the highway is traversing. — F or example, i in the com com- 


mercial Aistricts, practically always, the traffic volume is relatively heavy and 
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but it is still high, , and the speeds 4 
rural residential and further outlying rural sections, traffic volumes have | 
- diminished to a relatively small value but, on the other hand, speeds have been | 

Standards of Width, Alignment, and Grades. —It is to 
establish “hard and fast” 1 standards in regard to desirable highway 
a designs for these different types | of development districts. Every single high- a 
way problem must be studied and treated in the light of its own peculiarities, 
and it can be stated without it danger of f dispute that no two sets of | conditions ; 


e vil ever be found to be. exactly the sa same. a there i is usually a 


‘It is easy to define desirable minimum standards of width, alignment, and ’ 

ing of major highways that traverse commercial districts, but it is quite — 
another problem to secure the general adoption of such standards. The 
a simplest rule would be to have no major thoroughfares routed directly throu gh 
commercial sections of any magnitude or importance. Quite often, of course, 


= rule is not although there i is a desided definite trend toward 


Sate which is superimpos osed “upon city streets because the ‘major thorough 


town street system. Almost 50% of the local traffic in the business section 
“ _ Pittsburgh is there, | not because of a definite | destination in the section, but P 
because it is forced into the “Triangle” due to the absence of adequate by-pass . 

a. _ In order to correct this situation, it is proposed to construct a boule- 

var rd type of highway along the Monougehels and Allegheny River fronts 

which, in turn, will « connect with a ‘proposed cross- town thoroughfare i in the 
vicinity of the Pennsylvania Railroad Station i in Pittsburgh. _ The cost of this 

river- front improvement probably will be approximately $5 000 }000. 1 


doubt it will be justified time after fame, e, however, by the value of accommoda- 


Ina a commercial district, ean there may be no choice but to utilize th : 
existing street system for major highway use, attention should 
toward selecting those streets that are best adapted for the purpose. Wherever 2 
_——: streets should be chosen that will afford convenient movement for 
a traffic with the least interference to local traffic. Of course, no rule 
be made for this determination. tudy of the 
. conditions at hand. _ However, i in a commercial district, the hourly t traffic 
almost always” will exceed the of a two- Jane roadway for 
noving vehicles ‘therefore, wherever possible, such streets” should 
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better to devise methods 8 by which part of the traffic be re averted in into thet 
oe In commercial sections, because of interference e caused by traffic on inter- 
i ecting streets, parked ‘vehicles, pedestrian ‘movement, , street cars, and the ee 
i, other usual factors, automobile velocity generally is quite low low, probably varying ae 
- from 10 to 25 miles per hr and averaging about 15 miles per hr. At this range __ 
of speeds, the question of alignment does not present any troublesome problems. — ics 
As Jong as as tl there are no awkward effects, movement of traffic would not be 
razards ‘increased because of short radius curves. 


pro i = 


maximum ‘rade in ‘commercial economically, 


ections, such as providing better alignment, reduced 

grades, or increased widths of roadways, usually will require enormous | direct 
- costs due to the high values of property along the right of way. Ordinarily, in eh 9 

order to justify these expenditures, the advantages that will accrue from the “ 


of depend upon the volume ‘and of the traffic that 
_ will use the highway, as well as the general topography of the ss in which - 
the improvement is to be made. 


tal 


of capacity, an arithmetical computation, has been fre- 
quently and it has been found possible, without interferences, to pass 2000 ~~ 
s per lane per hr, at a speed of 20 miles per hr. This finding, however, has 
o real practical 1 value : since there is no consideration given to the speeds that 
drivers would naturally be inclined to f follow i in the absence of limitations im- 


a by traffic, : and no clue as to the point where congestion may be said to 
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advisable, even if th congestion on the four-lanehighway. 
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Outside the commercial districts, characteristics will vary consider- 

_ ably, and desirable minimum standards of alignment, grade, and width of as — 

__ highways will depend upon the conditions peculiar to the problem in question. — = Ys 
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" _ More or less, the time when attention should be given to the question of highway vee a ‘2 ie 

" a A better definition of capacity was given by the Highway Research Board; . 

_ National Research Council, at its Eighth Annual Meeting in 1931, as follows: ee #4 ‘ a 
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traffic roadway i is ‘reached when any fu 


the at which any additional traffic will in retarda 
tion of traffic movement. Bruce D. Gresnshicide, Assoc. M. Am. Soc E, 


drivers) will his a speed of 44 miles | per 
traffic conditions permit him to drive as he sees fit. _ Professor Greonshiclis 
designates this velocity as ‘ “free speed” and finds that it obtains a density: of 
i approximately . 400 c cars per hr < on a two-lane highway, with a varying ‘Percentage a 
of truck traffic to 10%, and with traffic about equally divided in both directions. — 

"Whenever traffic exceeds this density, velocity begins to decrease. iY “Apparently, 

vever, | the decrease in velocity ¢ could ‘not be called marked until a a exceed of ee 
approximately 600 to 700 cars per - hr is reached. rex 
_ These experiments “dovetail” with the arithmetical computations made by : 


- Sigvald Johannesson, M. Am. Soe. C. E., who ‘computes ‘ ‘working capacity” of 
& a two-lane roadway | as approximately 200 vehicles per hr ‘per Jane. a At te 


‘Iti is his conclusion that the working capacity of a two- 
approximates 6 600 vehicles per hr, and he would recommend that whenever itis — 

found or estimated that the a average e daily density of traffic exceeds this value 

for 3 hr or more the-day, consideration should be ‘given to the economics of 

In the Pittsbu argh area, a maximum hourly density of 600 cars on a eens : 


is, under the direction of John M. Rice, M. Am. Soe. C. E.) is equivalent to a total - 
volume of approximately 5 000 cars per day. interesting to note the com- 
parison between this volume and the standard of - practice for road design — 
established by the American Association of State e Highway Officials. This 
group recommends a roadway « capacity of more than two traffic lanes in cases 


Whenever traffic conditions indicate the need of widening ¢ a road, or the o pe 
truction of a new highway of, greater er capacity than two moving, lanes the 
_ change should be from a two-lane to a four-lane roadway. Only in exceptional — 
cases: should the widening from two to three lanes be considered. Although 


the addition of one lane will i increase ‘capacity very y materially, it 


to take care of the traf, mos likely it will be found better to. construct —— 


od 
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se of the seriousness of head-on collisions, the present printed 
ic vocate the construction of a divided roadway with two or three traffic lanes _ 
{fo or each direction instead of a four-lane pavement. This type of ‘development, . 
certainly, is desirable and, wherever economically justified, should be ‘provided. % 
— width of separation between roadways, where provided, will depend upon ; whe 


hundred feet or more. Wherever | possible the minimum distance 

_ between directional roadways, at least where cross-overs are provided, ee 
[ be 40 ft. _ This will permit vehicles to turn from the inside lane of one “ot 

to the inside lane of the other without obstructing the traffic movement in 


; 


3 alignment are: (2) To make the highway ‘serve intermediate points between the a 
termini; (b) to decrease damage, right-of-way, and construction costs 
ss Te: the utilization of existing locations, or by taking advantage of favorable 
4 ‘topography or other natural conditions; and (c) to reduce the rate of grades by 
ee lengthening the distance of travel. Except: as it affects distances, ee 


made part o of such curvature. : Tl he desirable magnitudes of of these factors digo, 
mostly upon 1 the rate of speeds 2 at which traffic will move normally. Ona two. ‘ 
Tene roadway, the standards should be more liberal than those for a four-lane © 


highway where directional t traffic i is confined to its own lanes. 


y ~The desirable minimum standards of curvature and sight distances are as 


Vertical curvature; sight distance, i in feet. . 
fe “Ine each case these are desirable minimums and should be exc pemeon eT wherever | 


possible. However, in territory ‘such Western Pennsylvania 
‘Tienes of the rugged terrain and to ography, it sometimes becomes expensive, — 


a Current practice in Allegheny County is. to superelevate all curves on a 


-— twolane roadway which are in | excess of 1° curvature. _ Asa a rule, the super- 
elevation is fixed at} in. _ per ft of width 1 per ¢ degree of curvature, witha a maximum 
‘superelevation | of lin. per ft. On four-lane highways, usually is 
‘Provided, but t the ¢ extent and design ordinarily are determined | by fia: sig 
‘Grades. —The r rugged topography in the Pittsburgh territory does. lend 
- itself to the he construction | of grades as low as those in many other sections of the 
‘United States. _ Engineers in the region, of ‘course, attempt to. keep ¢ grades as 


s practicabl and try never t exceed § a maximum of 8 per cont. ore pees: 


: 
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Pee - exact effect which alignment, grade, and width have on these items. “h Costs of 


rights of way and damages are the 1 most variable, and in the writer’s experience _ 
eo ironyt from $15 000 to $100 000 per mile. In commercial districts, 


od costs; or, in fact, in many instances, it m 
improvement to be prohibitive, making it necessary ‘to construct a see 


= 


along an alternate rou ute. sections 0 utside commercial districts, this item 


7 


districts outside of commercial and highly residential 2 areas, 


seule would average about $40 000 | per mile, provided no o material bellding 

developments were encountered. . These a averages give a reasonable measure 

of the probable difference in cost of rights of way for a highway in sed 

County with two lanes and four lanes for moving vehicles. we 

of highway a as of way a and and, unless influenced by peculiar 
or unusual construction. problems, is practically ‘the same in the 


‘Alleghs y sige about $75 000 per mile. Where four lanes for wi 
moving vehicles are oor construction costs average about $140 000 per 


is a measure of the effect of width on n the direct costs of major thoroughfares. 
This ex pense, 0 0 "course, is offset by reduced automobile operation 


the effect of introducing curvature and ilies te into a 


highway usually is is t to reduce construction costs. However, where it becomes 
desirable, or necessary, or economically justifiable, to reduce grades or improve 


alignment on existing highways, the is to of 


_ Cost of overhead (being of expenses for engineering, 
organization, interest, office, le al, and similar items which bear a relation to 
‘both rights- of-way and construction costs) j is affected, therefore, by the range 

f variation in these two cost: items. _ Overhead costs usually are expressed as 
"percentages of the total estimated of the improvement. For conditions 
in in Allegheny County, overhead costs average about 15% of the total ‘estimated — 
“costs of rights of way and construction, and on the basis of the average values 

given for these items, would equal about $15 000 to $27 000 per mile for high- . a 

ways with two and four traffic lanes, respectively. 

Cost of maintenance is a continuously recurring charge in contrast to the 


th direct ost items, which ar non-recurring. “Maintenance varies prin- 


| 
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highway i in proper condition traffic ‘use. Obviously, ‘it varies ‘with 
—: of pavement, | but a alignment ‘and grades also affect this cost item —: 
there is more “wear and tear” and need for conditioning pavements as the 

‘asame of curvature and ; grades i increases. _ Experience with high- type road 
construction in Allegheny County indicates that the annual cost of ‘main- 
"tenance, covering all items for a two-lane , roadway, averages es about $1 000 per 
“mile, and about $1 200 per mile for four-lane highways. 
ie _ Indirect Costs.—Various attempts have been made to evaluate the benefits *f 
to traffic that accrue by the reduction of travel distances, traffic delays, and — 
traffic danger hazards. — ‘Except for the question of traffic hazards, the bases 
of such estimates are ‘automobile operation costs, and include the items of 
gasoline, lubrication, tires and tubes, maintenance, depreciation, license, garage, 


interest on investment in car, insurance, taxes, ‘and sometimes driver’ 8 eae 


rm 


‘e E., in n 1928,1 44 it was found that the cost of operation | of =Aege: average pa senger 
‘automobile | which traveled il 000 newegg per yr, was: 5. 44 ets per | mile when 


d average operation cost of passenger cars cent for private purposes at that time 
3 amounted to 7. 5 cts per mile, based on an annual 10 000-mile use; that the cost 


for passenger. cars used for business purposes on the same annual mileage 


0 70 ets per m le, depending 


| ss Allegheny County, as the resul of various traffic surveys, the a 


3 conditions seem to be as follows: 


— 


as 


Passenger traffic (percentage) .. 
Pleasure re purposes (percentage). 

Sag Business purposes (percentage). 


Truck traffic (percentage). . 


ae 


Based upon. these averages the writer’s estimates of automobile operation ovate 


at are as shown in Table 13. _ These unit costs are the bases for the following — 


evaluation of benefits arising f from highway 
4 


pa 


4 ime, but Zacaaoatn te is given herein only to the economics of the former, as 
the value of time will be considered separately under the heading, “Reduction — iy 
of Traffic Delays.” “ - ‘The values in Columns (2) to (5), Table 13, will be affected 

e directly by any reduction of distance, assuming that ample Toadway capacity — 


for traffic, but t the total annual sums spent for the other values will 


i Cc 
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pleasure and one-third for business. In simular manner, other estimates have 
made for the cost of truck operation and the results have been found to 
Om annro mate DON Ze 
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‘TRAFFIC PROBLEMS 


The operation | costs become 3.75 ¢ 


usiness ; purposes), and 9.83 cts. for rucks. « Based on a 


mately 5 ets per thile or about 1 ct per 1000 ‘At this rate the annual savings 
on due to a reduced traveling distance of 1 mile for 5 000 cars per average day — 4 


a 


eat amounts to $91 250. This is equivalent to a capitalized cost (at 6% interest) 


' 0 $1. 520 000, and is a measure of the sum of money that can be eet nie 
-EstIMATE ‘OF AUTOMOBILE OPERATION IN CENTS 


| Fire 
| and 
theft 

| (11) | (12) 

0.10 | 0.83 | 6.56 
| 0.10 | 0.83 


0.25 


= justifiably to reduce the traveling 


vehicles by in nile. 
under the conditions assumed, the annual cee Se of about hes 500 will be 
justified to reduce the travel distance 1000 ft per 1000. vehicles per r day. = 
Among other ‘methods, such reduction of distances: can be by 
improving the alignment | and reducing the | grades. 
aes Savings by Reduction of Delays.— —The 1 value of savings in tri fie 


: been estimated as as from 1 ct to 2 cts | per vehicle- minute. et, ‘Under the conditions 
that prevail in Allegheny | County a fair and conservative value i is 1.25 cts. This 


ctl be supported upon an analytical basis either by placing a reasonable value 
‘upon the rider’s time or by expressing the fixed charges on a minute-of-time 


Dasis be However, an actual practical basis has greater meaning and, therefor , 
the writer refers to such an example in the Pittsburgh District. Fo or a part of 


the suburban § South . Hills Section two routes are available for travel to down- . 
town Pittsburgh, one of which, between common points, is 5.7 miles long and eth 


shorter and the time for the 4 miles i is about 13.5 min ; 
vhereas the longer route can be traversed i in 9. 5 min. os Because of the preiee 


‘convenience of travel and the shorter time ‘required for those to whom both 


routes are available, driv passenger cars invariably ‘select the longer on 
_. This means that in so doing, preference i is given | to spending about 6. 5 cts more 
| operation | costs in order to save 4.0 ‘min. On this basis the 1 value of a 
would be 1. 6 ets. Considering all the circumstances involved 
= example, and the theoretical computations used, 1.25 cts is a conserva 
tive value. Its: significance is that wherever a highway improvement—either — * 
by providing greater width, better alignment, reduced grades, by-passing of 7. _ 


congested areas, or by « any ‘other 1 mean results i in a reduction of tra vel time, 1s 
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‘PROBLEMS 


$22 800, or an 6% cost of $380 000. On basis 


trafic accidents i in the United States been at about $3 000 000 000 
yr. On the basis of 10 000 miles per vehicle, this is equivalent to an average 
: sccident-hasard value of about 1 ct per vehicle- mile. This is a general measure é eee. 
a value that may be applied where reduction of accident hazards is ac- 
ee complished by highway improvement. = Of course, a better method is to study — # 
accident proneness and the costs of the Particular highway or section 
fe highway under consideration and, thereby, derive a value that will be er 


a general presentation of this kind, itis to evaluate 


effects of alignment, grade, and widehe on the direct and costs 


major highways | cannot t be e equated, varying as they do for each individual a3 


ale 


ghway improvement. In general, however, curvature is introduced into a 


‘hi 
highway to re ‘Teduce -Tights-of- -way, damage, or construction costs. The intro- 


: duced i in order to fit topography, the effect is to reduce construction cost. Pro- — Re y 
- vided such grades do not exceed a rate of about 6%, and if there is sufficient 
width of f roadway and sight distances, the cost of vehicular operation does not Pa E 
become a particularly significant factor. On the other hand, where 

Ee fills are made in order to reduce grades to desirable standards, or to vee * 


the distance « of travel or or the need for « curvature, the effect i is to increase con 


Ss _ Way aed damage costs and a heavy increase in construction costs. On the rete ae 
= however, such improvement i increases vehicular speeds and, consequently, 4 
| lessens vehicular operation costs, 
Case 1.—The application of the economics of highway improvement nam: 
best be illustrated by reference to specific: examples. In 1936, a study w was made — 
ofa proposed ‘Inajor highway extension in the Pittsburgh area. The proposed 
_ Improvement was about 3 miles long and it was estimated that the average 
§ annual traffic , during the next 20 yr would approximate 2 000 000 cars per yr. 3 
_ The problem resolved itself into two alternatives, one of which would adapt the 
location: of the to topography, involving curvature and 


the value of this reduce ime 1s equivalent to 1.20 cts 
the average conditions that prevail in Allegheny County. Using the 
a 
—| = 
2 
given to such values in the following specific examples. 
— 
in so far as the reduction of traffic speeds are concer ned, provider 
is of proper radii, length, and superelevation, and if it provi dite 
— 
| 
of — 
— 
— 
— 
n, 
er. 
er 
— 
re 
— 
ed — 
va- — 
her — 
of 


g. The other location was more » direct 
(about 3.0 miles long) but would involve considerable cut and fill and the con- 
ae would cost about twice as much as the longer route. The economics 
own in Table 14. sell _ Project B, the shorter but more 


ume project in so far as direct costs apply, is the more neemomeccae 


TABLE 


14, —EcoNoMICAL Comparison, Routes A AND 


600.0 | 20.0 125 860 8600 135.0 


10000 | 400 | 300.0 | 112.5 | 480. 


af 
These are twin vehicular 
roadways, about 14 + “miles long, constructed by tunneling through a steep hill 


_ known as Mount Washington, so as to connect down-town | Pittsburgh wit with the 


South Hills (residential) District. cn they are peruse in character, 


overcoming obstacles of topography to eliminate excessive areiaae, | grades, . 
and distances, this expenditure has been justified over and over again ti the 
value of the accommodation to traffic. it has resulted in a daily savings of both — : 
ime and distance to about 25 000 cars, which is equivalent to more than - 
Bi. 000 000 vehicles | per yr. - Without r recourse to any computations, it is a 
parent that this ¢ convenience is easily worth 10 cts per vehicle. At this rate, 
the annual say savings to traffic is $900 000. _ Capitalized at 6%, the worth of ~~ 
avings is $15 000 000. ¢ On the other hand, if this improvement hs had only — 
ffected, in the same manner, 1 000 vehicles per day, the annual savings ; would | = 
be only $36 000 which, capitalized, would represent approximately $600 ¢ 000. 
‘Under the: latter ‘condition, it would be obviously impossible to justify 
~ $5 500 000 construction cost. Incidentally, this particular improvement is an 
- outstanding example of one which has resulted in a tremendous s appreciation of 
property values. In. one township alone, in the South Hills : area, affected by 
_ thes construction of this project, the assessed value of property has increased | 
‘om $8 000 000 to $29 000 000 within 10 yr after its opening in a oe 
ne _ Case 2.—One other splendid example of the economics involved by improve- 
ment of alignment, grade, , and width, is the so-called. Westinghouse Cut-Off. a 
 Thisis a relocation improvement « of the Lincoln Highway in an area eed 
- outside the city limits of Pittsburgh. . Between common points, the old route, 
3.5 miles long, provided capacity for two moving lanes. Of the total 3.5 miles f 
— one-third followed an indirect route through a heavily congested. i 
i was routed over a hillside, 
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average time to travel this old course was 14 min. 
oe The new highway, following an entirely new location, is 2. 5 miles long, has a “ioe 
a capacity for four lanes of moving vehicles and provides a practically poe 
_ grade of 4 per | cent. To accomplish these improvements it was necessary to 
: make very heavy « cuts and fills, the maximum of each exceeding 120 ft. > The 

total physical costs amounted to almost $3 3 000 000, of which 42. 57% was for 


rights of way and damages. The average e travel over the new 

The bag Barong for interest at 6%, depreciation, and maintenance, 

Offsetting these charges, the annual costs of automobile 


“Itis s impossible to present general of the effect of alignment, grade, 


particularly to direct: costs because of the extreme variations of physical 


aad width on the direct and indirect costs of ‘major highways. q This applies — 


followed a and the experience in in Allegheny County. Because of ‘the 


: -Tuggedness of the terrain, the problems are much more difficult, and the direct 
costs heavier, than in most other sections. — This results in greater expenditures 


— value received. _ In practically all ¢ cases, howe ever, the engineers reapers 


3 
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giana ance to the 2 500 000 vehi ue to the value of t — 

— 


‘SUBAQUEOUS 1 TUNNEL 1 


obtaining the most probable stresses ‘to be expected in sub- 


aqueous , tunnel tubes is always welcome and d the ar author has presented his 
of analysis clearly, ond briefly. ‘His ‘should 1 prove serviceable 


over that of the of least. work ; but the writer 


latter t to tunnel ‘stress analysis, by” means of a ‘simple e graphic adapta- 
tion of the ‘method, which served as a satisfactory check to the more precise 


simpler, in the than placing the origin at the invert, as 

has been done in studies of this kind. Tabular methods of computation 
be, used; but after the of computation has been estab- 

by the theory it is doubtful whether or not, in general, the subse- 
quent labor of ‘computing varies much. As the author has stated, 

mechanical part is a matter of preparing tables and ‘diagrams. 

outlined in ‘the paper, are in dependent of physical conditions sur- 

rounding the structure, nevertheless the paper arouses curiosity along the 

of - the ‘assumed loadings s for the tunnel ¢ considered. develop- 
ments” of tunnel stress theory have incorporated the “ external | loading” 

in the integrations. The author very properly hai ontitted these, as they 


only y encumber the analysis: unnecessarily, ‘especially the use of unit 


Dee Nome —The paper by A. . A. Eremin, Assoc. M. Am. Soc. C. E., was published a 
1936, Proceedings. Discussion on this paper has appeared in 
ollows : April, 1937, by David J. Peery, Jun. Am. Soc. C. _, RP ree 
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ANALYSIS OF STRESSES 

SUBAQUEOUS TUNNEL TUBES = 
Br L. Bropie, M. Am. Goc.C. 

L. Brome’ M. Am. Soc. ©. Chy letter). — Simplification of 
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forces and moments in respect as main objective 

any nalysis is to make application toward evaluating the stresses 


“ picture. 


this respect peculiar to itself ; but the writer is ‘out of ‘sympathy with the the 


because the determination of external forces is often. "more 
or less uncertain, in absolute sense, theoretical studies, such the 
author has presented, a are of no practical yelne. In ‘each undertaking more — 

is learned, and uncertainties of yesterday become cleared up to-day. The 
value. of theoretical investigation is that by its application in a compara- = 


tive: manner, the experience gained by the construction of works success: 


‘fully carried over to present problems of projected 


ce work. The theory provides the vehicle. . In-other words, theoretical analyses — 


permit of comparing tunnels different sizes and types under 


Pas mately like ec conditions. . In order to emphasize this the writer “ventures to zi 
Teview, as briefly as the main results of the Holland Tunnel studies, 


after which he will illustrate one phase of this work by considering the | i 
Ti comparative studies were made italy on the Pennsylvania Tunnel 


‘ tube, as being m most similar in kind of material, along with bya! tunnel ee S 


nae 


‘means of the method of least. work and the > method of deletions 


4 aie and the cast- iron ring ‘alone (as it would be during construction), 


with” and ¥ without compressed air, _ were subject to the investigation. The 
“depths o over the top of the tunnel - ring which gave the probable, greatest 
“loadings, were 81 ft of silt beneath 38 ft of | water, and the weights of silt 
and water were taken, respectively, at 104 and 64 Ib per cu ft. 
to the wide in ‘behavior of the silt of the Hudson 
‘River, had been observed by different people” at different ‘times and 
under varying conditions, diverse opinions existed as to the actual 
that might be expected to be active externally. _ This is explainable i if one: 
onsiders the noticeable variation in consistency, composition, 
content, and weight of silt, after the violent disturbance of the shoving 
t shield and then after a ‘considerable time during which it has has 
become quiescent “around the tube. ‘include material of varying 
Rankine’s theory of earth: applied, through arying 
although it was well recognized that that theory did 
include. the tenacity. or cohesion inherent to a more or less. deter: 
 minable “degree, in the river silt. (Subsequent experiments disclosed 
alue reaching 0.4 lb per sq with a.water content of 55% by volum 
This value was ‘indicated by 2 a ‘computation to contribute toward offsetting 
the endency tox rise by the Rankine theory, the result was ‘that | 
in ‘with the overlying 
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ODIE ON STRESSES 


were less t th an t th 


‘material bearing up upon it, we 
the silt. 


“Where “floatation ” ” was indicated, due. compensation was ‘made by ‘the 


distribution a uniform load either top or bottom, as required, 


ou During construction, silt pressures were observed around the tube over 


considerable period of time, by specially designed ‘pressure gages, the 

tubes of which were let ‘through the grout holes of the ring castings. 
currently with these observations weight and water content determinations 


were silt weight ranged from lb b per cu ft and the 


“transmission of conjugate pressures, pore as an index, angles of repose 

“were computed. These angles varied between 1° 4 45’ and 2° 40 

‘pressure gages: in the tunnel disclosed that these e angles were Tess. at 

_top than at the bottom: of the: ring. = g. The recent advance in the realm of 

goi] physics ” gives” promise, along these lines, of clarifying 

the initial stages of the: Holland Tunnel construction, was more less 


speculative and rendered the minds of ‘some engineers skeptical of 
_ In mentioning the ‘Hollar nd Tunnel, the author referred to high 


“steel. in the rods. ‘Tt is believed that this tunnel wa was the first to have 
tie- rods introduced. _ The tunnel ring bolts were also of 


material. It ‘might be of - interest to note in this connection that the idea 
for the use of high tensile steel in the Holland Tunnel, for this purpose, 
was: proposed originally in December, 1920, by Ralph Smillie, M. Am 1. Soe. Re. 
©. E., then Designing Engineer on the ‘Tunnel ‘Staff. There were several 
other features of design: besides the bolts and tie-rods which were “developed | 
by the comparative studies made possible by the analyses. The "segments 
of cast i iron and ‘steel were > thickened at the corners of their flanges, which % 
insured better castings: ‘and reduced local stresses in the flanges. It had 


been demonstrated changing the location of the bolts connecting the 


| 


— 


= 


end flanges of the ring ‘segments, by ‘moving them nearer the ‘inner 
i a sides of the web and side flanges of the ‘segment, resulted in a more rigid : 
joint: and, consequently, a stiffer tunnel 1 ring. _ Furthermore, it was proved by 
the lower middle bolt, then: ‘customary in end-flange design, was 
entirely: inutile; but only with the introduction of the high tensile steel 
corresponding decrease bolt diameter were these 


Possible. The bolts were tightened to an initial stress of 25000 Ib 
sq in, and both the saving in bolt and tie- rod metal, together with a ‘toad 


bed 


4 a - reduction in the necessity of bolt tightening after es each shove of the shield, 
amply justified modifications i n design. The effect of the ti tie- rods was 
& approximated by ‘supplemental ‘calculations, which indicated a ‘reduction in 


flexure i in the ring by about one-half to nearly two- -thirds, from that without wee - 
The interest in 


ication of ‘the equ 1a 
the writer’ 8 contention of ‘the affinity of the cor 
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BRODIE ON STRESSES “TUBES 


5, indicates that the ‘example 


rey or 


given not rightly ‘reflect 


Oakland a Alameda, ‘Calif., ‘with one of cast the same 
diameter ft), first under the loading inferred from Fig. 5 and then 
- under the weight of material surrounding the Holland ‘Tube as as assumed 


for that tunnel, and with an angle of repose of 3 degrees. he a measure 


the ‘maximum bending moments for each have been ‘com 


(31) 


which: M= bending» moment rs pounds) in a tunnel ring AR: 
w= = weight of tunnel, in pounds per ‘linear foot; D = external di- 


ameter of tunnel 1 ring, in H, depth, in feet, of ‘the center of the 


tunnel ring below the surface of the silt water a ‘above is 
/ reduced to an equivalent depth of silt, which i ta) the actual silt); 


which ¢= the repose the material surrounding the ring. 
Values of ‘the constants, a, b, and c, for use in Equation (31) are giveD” 
in Table 2. . It should be borne in mind that Equation (31) yields" only t the 7 
value (not the location) of the 1 maximum bending A negative 
moment in an answer signifies ¢ only a reversal from the “moments 


4 

ig. 5 indicates that the specific gravity of "materia appears 4 

hae only 0.86. pone head on the center of the 37- ft tube is 89.5 ft; its weight 4 
ft, the weight , of material ‘around it, , 53. 7 lb per a ft, 


— 4 
= 
— tunnel to stress h ne ual tain: 
Furthermore, it is pres _the upward and downward vert 
— to the difference be 
— 
= 
— 
1 
— par 
— 
— 
— 
— 
ont 
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per lin ft. The Gm Table 1 indicate that the Tube ‘sus 


tains less” in the heavier cohesive material, whereas the cast-i “iron 


tube fares better in the liquid. No doubt it would | float ; sab 


not been ‘considered in example. 


Angle of 


| 
0.0327 | 0.4862 | 
0.0328 | 0.4919 

& 0.0329 | 0.4975 


Bguation (31) as derived and constants as an epitome, as 


it were, of the studies alluded to by the writer. used ‘directly 


for fairly close approximations of “values for tunnels of different 
weights and depths of submergence. Curves terms of angles of 


Tepose and the as “may then plotted com- 


= 


haunches are of “opposite din those at invert, the 
usual ‘assumption is to consider moments to 


compression at the “ extrados ” produce 
tension. % 


= 4 


— 
~~ 4.00 | 0.000 || 79-30" | 0. 0.4875 | 17.42 
4 5-0’ 0.0232 15.70 0.968 — 
0.0411 
— 
tag 
‘ 
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"DEFLECTIONS ‘BY GEOMETRY 
vate 


ave E Asoo. 

oly: ag problems for which othe solutions already at 
inquire into the relative advantages | of the proposed writer 


*, hat tho ho ha 
‘is naturally pleased that those w ho hav ve discussed the paper "have 


ety: _ expressed emphatic, favorable views on 1 this question, finding that the pro- 
osed method makes the subject of ‘deflections more ‘clearly and easily 


understood. Mr. _ McGaw and Professor — Grinter, who are both ome 
especially stressed its: value for beginners on this account. 


‘There appears to. be some however, as to the possibility, of 
S geometrical method taking. it its place beside some of the older methods 
for ordinary routine computations, and also_ for solving difficult ‘problems 
the writer’s that such "advantages as the older methods” may 
have not inherent, but must ‘represent developments with which the 
newer method has not “caught After all, any gubstitute method 
depends for its existence upon ‘mathematical relationship, a nd how: 
ever varied its physical ‘interpretations may be, its mathematical operations 
must be substantially the same. One tool that Professor Grinter mentions, 
the Williot diagram, in reality, should be classed : os one of the most 
egitimate of the methods of the geometry of deflections. 
To make | geometrical ‘method comparable with» the older methods 
asa practical working tool, the greatest need is evidently an accumulation 


= working details. Several contributions are are to | found in 
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Mr. McGaw has begun this filling the 
Nore —The paper by David B. Hall, hi aper has appeared in ser 
— 937, by Messrs. A. J. McCaw, “William Bertwell, Assoc. M. 
follows: February, 1 . B.; and May, 1937, by 
me Recelved by the Secretary October 25, 


DEFLECTIONS BY GEOMETRY 


intelligible to "many “readers. 


“that one ‘additional step is ‘necessary to develop, fully, a formal ‘proof ‘along 


this line, because the law of reciprocal deflections applies to any structure ‘fi 
in which the materials follow Hooke’ s law, whereas the foregoing proof is 


based on on relations that exist only i in a statically determinate structure. 


“The additional | step is merely to trace ‘the effect of adding a an 


Specifically, consider three points, A, and on a simple beam. 


A redundant support is to be added at Point B. Ww hen a load is spied 
at Point the beam will deflect at Point B. a support is added, 
‘reaction will be proportional to. this deflection. ‘Finally, this. ‘reaction | wil 
produce a deflection at Point. Since, in the simple beam, , the reciprocal 
-telation is known to exist between Points A and B,B and C, and A ¢ 
@ all the ‘factors, multiplied together to find the deflection at Point 
due to a load at Point A, appear in finding the deflection at Point A due os 
a load at ‘Point Fi inally, if the ‘principle applies for a structure 
n redundants, the foregoing proof shows it to apply for (n 1) redundante, 


thus. completing the proof by mathematical induction. 


A useful geometrical ‘conception, “essential to any comprehensive treat 
nent of the “subject, Mr. -Stewart’s method of traversing the elastic 
urve. Although ‘it may take ‘a little time to grasp th is method fully, th 


peed simplicity with which it may to ‘a wide variety, of 


Fig. 10(c), Mr. ‘Stewart and Mr. Bertwell have illustrated, 


readiness with which solutions may be improvised by 


n contrast, for instance, the necessity for following, faithfully and 

~ Dlindly, some of the older standardized forms for arch computations. — 

a ve the second half of his discussion | Mr. Bertwell has made a ‘number 6 
of observations pertaining» to an intriguing branch of -mathematics—ap- 

proximate integration. In its elementary form this. the problem of 

constructing a polygon to take the place of curve (as in Fig. for 

example), and determining the location | of the polygon with respect to the 

curve. In Fig. 7, ‘this. polygon ‘consists of a ‘series of tangents to the curve. 

‘a case Mr. Bertwell’s | proposal to 1 use interpolated values, which ie 

are: at the points of tangency of the polygon and curve, is sound. An 
alternative refinement, used at ‘one time by the writer, v was to make 

= at the vertices of the polygon in the same manner that the middle | 
offset. of vertical curve is computed. ‘This correction is ba da. ‘Thus, 

in Table 1, the correction at Point 10 would be 4 X 2.96 X 44= 6: ; and 

correct deflection would be, 420. 6—1. 6 = 419. 


The arrangement in Fig. 10(c) and in Tables 3, however, pre- 


; oe the following e entirely different ‘approach, whic ch Mr. Bertwe ll failed ie 
Teeognize. @ curve ‘is drawn and ‘marked off at equal” intervals, 
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“then the angle 


‘the polygon will t 


Discussions 


curvature in its. vicinity. and length of one interval; 


“ 
aM between the last chord and the end tangent will be one-half ‘the product 
the curvature there and the length of an interval. In this manner the 


desired results were obtained ‘directly with no extra operations. 


warranted, may 


Tt is believed that: further refinements, when they are 
be developed more easily in the direction of integration ™ 


along the lines described by Mr. ertwell, 


pen 


‘Tule, 
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STRUCTURAL ANALYSIS BA ASED PON PRIN- 


DAVID M. MACALPINE AM. So OC. 

Davo M. Assoc. M Soc. C. (by letter). 
oof far as the | author has introduced the little used idea of f, this ae 
interesting ‘It is unfortunate, | however, that he has an 


elosing discussion. It will then be transform ‘the 


mae 


‘ata 


cir 


“There appears be no f abandoning any a several 


accepted publicized sign conventions. wonders why all 


these conventions were discarded. If the author had “accepted the 


common convention | of tension on 


_ Nore.—The paper by Otto Gottschalk, Esq., was published in January, ‘Gar Rae 
ngs. Discussion on the paper has appeared in Proceedings, as follows: March, 1937, by 
Messrs. L. J. Mensch, and Frederick Shapiro; May, 1937, by Messrs. James R. Griffith, 
one Camillo Weiss ; and September, 1937, by Messrs. F. B. Farquharson, and A. A. Eremin 


6 * Instructor, Coll. of the City of New York, School of Technology, New =, N. x 
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(694) 
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as Obtain tension 


Adding 


On the other hand, the is very to apply 
to the slope- deflection equation. sign convention 1 must fit some definite 


"system if it i is to be used from a practical, as s well as from a mathematical, 


be counter- clockwise rotation, that distances, and 

be positive upward and to the right from the origin, and that 

moments capable of being represented by Positive vector positive; 

th hat is, counter- clockwise external moments in the plane o } | 
positive. In this case positive moments increasing positive angles 


great, harm | is however, if any other consistent convention is used 


aft 
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Mr sa arithmetically negative but 


tive sign the formula. deriving for 


hese ) expressions are in accordance with the geometric facts, being 


‘Equations (73) : are also in accord with the alcatel of the figure. a 
yemainder « of the equations follow directly, differing from the suthor’s for for-— an 
yi Referring further to signs, the author has ‘failed to state that he | assumes 
to be negative when measured 1 to the left of “his origin This is neces- 
‘sary in’ order to obtain Equation (16) in its ‘Present form. This assump-— 
tion, however, introduces an interesting incongruity Fig. For 
example, “both and 6p are positive by the -author’s sign convention. 
The values. of and are then positive and negative, respectively, thereby 
violating, the sign m convention as adopted for the paper for L. it is neces- 


left for otherwise, is ‘Positive 
en measured downward. 


Fe derivation. given in Appendix I does Bie seem to Pw sa stactory 
a the many other derivations of -Maxwell’s theorem to be found in any 
text or reference book on the ‘gubject. iad The theorem is 80 well known and — 


widely publicized that there is some question to the “necessity 


derivation unless and better 


accepted sign conventions, is also familiar serves 


to illustrate the breakdown the author’s sign system (see Fig. 14) 


There is a definite need for the establishment of mathematically 
ie consistent, and practical, sign convention, as well. as notation, in both the 
theory and stress analysis. Any sign convention that is not self-— 

‘Consistent tends establishment and acceptance 
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| F TURBID waren THROUGH | 


Sy. 


2 M. AM. 42a calling to 
"attention ‘a ‘the profession one more interesting phenomenon with which 
the silt problems of the West ‘are replete, the authors’ of this paper have 


The silt ‘problems: in West are manifold. and where does silt a 
originate? is it transported? ¢ What space does i it occupy in reser- 
‘voirs? What part do the cultural activities of. Mankind play? What steps 


can be taken to hold it. fag in Can it be Drevented 


a | great number of silt: problems | that should be ‘ ‘run to earth” and fs 
made controllable in some degree by human agencies. 
The records of 1985-36 indicate that d during ‘Moderate and 


periods of inflow, a slu; 


tary may remain intact pass” entirely through the reservoir. 


rnd Mead ‘these slugs appeared | to originate in the basin of the Little Colorado 


Ri iver. There is no reason to doubt that the same part could be played by 
the San Juan River | or by the Virgin River if a summer | cloudburst. could 


produce sufficient run- off with an attendant quantity of fine 


‘The spring floods" on both ‘the Colorado River a and Rio ori 


In June, 1935, the average daily passing Canyon 


00 000 tons per day which only about 400 


we 
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1987 on 


a of partes 1 800 000, or 90%, was” 20° microns in diameter. 
‘The latter noticeable silt whereas the former did 


4 ‘through "Butte Reservoir. The papers Messrs. “Lawson? cand 

Fiock,* to by the authors, do not give details. . The writer is of 
“the 0} opinion that if the : silt” flows of the past were compared with up- stream 


; "summer floods it would be found | that most of these silt flows follow floods ae « 
n Rio and Rio Salado, a and, as in the case of the River, 


carry the 


from an intimate “mixture of "water and fines 0 


that the specific gravity of the entire mobile prism until it 


flows. along the lowest ¢ channel of the reservoir, quite independent of the te 


temperature differences between the reservoir and flowing water. The 


slowness which fluids of of densities mix has been well dem- 


onstrated some “experiment 


University California. mixtures” of varying densities 


fo appears: that the ‘stream am of water- silt only from the -Yeservoir 


mixture has bee 1 unable to rise ‘ft necessary to flow the 


into. Lake ‘Mead in 1 1935, the fact that any at ge is too 


important not to be investigated further. These fines probably would not 


a occupy nearly ‘so much space in the reservoir as an equal weight of ‘coarser - 
‘Material ; nevertheless, the question arises as to whether it might not have 


been worth while ‘to have | left gates: in the tunnels that could” be opened 
at such times, instead of having them plugged permanently. On other 

servoirs, the proportion of silt that could thus be discharged might have 


greater significance and raise the the wisdom of 


| 


_ Another phase of this problem concerns the quality of the water passing — 
through a ‘reservoir in this manner. a concentration of fines may 
render the water uw unfit for irrigation on certain ‘soils as as it makes them 
longed use use ove 

it such “silt 

ee to pasa through a reservoi 


Movement of Silt, Elephant Butte Reservoir,” b 
y L. M. Reclamation Rec- 


‘Transactions, Am. Geophysical 1984, Pt p 
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ek 9907 was jess than microns in diameter. The flood of September 29 
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the geological, A and physical factors must be analyzed 
carefully. All these of silt are of tremendous importance to the 
West and it it is “high time” | that a an orderly, well- ‘planned approach to a‘ “" 

its report on “ ‘ Drainage Basin Problems and ‘Program, i900? th, 

National Resources| Committee included as its principal study 
projects a thorough investigation of the silt problem in the Colorado River 4 
Basin, and recommended ‘an early allotment of $1000 000 with the under- oH 


such an investigation be agency or board composed 


‘ chiefs of the several Federal bureaus now engaged, independently, in inves-' 
tigating Phase of the as well a of 
Federal engineers scientists, the end that the elements of 
chemistry, biology, geology, and soil mechanics 


2 


Service, the Forest Service, the U. Ss Geological Survey, the Bureau ae: 


the Bureau of Agricultural the Bureau of | Pit 


concern itself solely with the research phase of. the problem and would 
enlist the services of all agencies concerned, including the several hydraulic - 
laboratories. To the latter could be assigned special problems, while 
field research could be conducted Federal agencies. "Such an “investi 
the silt problems i n the Colorado River Basin would be equally 
valuable for the Rio ‘Grande Ba Basin, all other silt- basins it in 


sa—Experience 


engineers, including writer, as early as 1914, to expect the passage 
of heavily silt-laden water as s a separate stream through the | clear water of 
large reservoirs. Regarding the small reservoirs as hydraulic models, they 
‘concluded that large reservoirs should respond ‘to the ‘treatment 80 com- 
‘monly used for maintaining the capacity of small storage projects in arid 
= regions, where both the erosion rate and the water values are relatively a 


As in. his ¢ career as 1897, the late Arthur. P. Davis, 


Irrigation near Phenix, Arizona,” by Arthur P. Water Supply Pap 
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"narrowest section of the storage basin, with a view to trapping ‘the aiid ponte 
« conveying it through the deepest part of the reservoir the outlet. 
The prevailing opinion among the consultants: was that the heavier, silt- 


a: 


Jaden inflow would follow y the valley trough and would convey a consid- 
erable portion of the suspended load to” the river channel and irrigation 
canals, thereby prolonging: life’ of storage project and adding 


A corollary to the axioms recognizing impoverishment of colle 


through ‘erosion would acknowledge the values in soil be restore 


Tn “thie: writer’ 8 of The Problem « the Zuni Reser- 


voir,” a plan was outlined for maintaining a turbid ‘outflow to keep pace 

with, ‘and co correct, t the silting process. At that time (1920), the passage of — se 
ania water through Elephant Butte Reservoir, if observed at ; all, had not 
Deen + widely heralded. It is is recognized that disadvantages would attend the 

silt-laden outflow, ‘due particularly to increased wear of ‘turbines and to 


silting of canals supplied from the reservoir. 
Computations in connection Fig. disclose the 
i occasions when turbid water was discharged from Lake Mead “were a few 
days” after heavily silt-laden inflow had occurred at Grand Canyon, with 
suspended matter "representing 2% to 5% by weight. By inference, « 


may ‘assume that it ‘requires a pronounced difference in “specific gravity of 
inflowing impounded water to build up the inertia or momentum 


Ape 


sufficiently to maintain the > unmixed flow through: the reservoir. de 


Observations have revealed the silt- laden water flows along the 

P. bottom of the lake in a very thin sheet (less than 5- ft depth), or through - Pog 

by the lowest portions of the floor of the Reservoir much. as water itself flows i f 
—- air, and apparently does this without diffusing into the water already — 4 

in the as it retains _ certain distinct which are 2 evident 


tg 


2.5% of ‘the load brought into the 


total annual silt inflow is about 240 000 000 tons, or nearly 660: 000 tons Sa 
per ‘day, or tons per § sec. On the basis of 16000 000 0 acre- -ft of 
inflow, or nearly 3 22 600 ft per sec, the weight of “average inflow, it 


tons r day, is 61 517 000. it h 

of su pended re resents 


ee Tf it is necessary to maintain 2% or more of silt content in order ws 


insure turbid flow through the lake, it would require some kind of 
mee, such as may be produced by "dredging ulic giants, 


A Am. Soe. C. Vol. 83 (1919-20), p. $38. 
Am. Geophysical (1984, Pt. 472. 
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displace the: required ‘tons or 3 ‘more of 


Se ‘Let it be assumed that suitable types of floating dredging plants have 
_ been provided to agitate and to bring into suspension one-fourth of the | 


Take Mend (about, 500 acres i in n Imperial 


Yuma 


ite 
If the amortized cost of installation, together with 


"operating expense for the necessary floating plant and mechanical equip 
ment, should” ‘amount to to $2000 per day, or $730000 per the 
served | would be only $0.73 The actual ual va alue of the 
elements delivered with ‘the turbid water should be § several- fold more than 


below Dam ing from the recent clarification of effluent. 
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R. _WiLson, M. AM. 
10 Am. Soo. C. (by letter). questions 
in the use of horizontal- control surveys this 
_interesting paper. . On e mo: iJ 
of the ‘many kinds and classes of dependent surveys? The basic: net of 

—E first- and second-order triangulation, reaching into all parts of the United | 


States, by which | determine correct 


the earth. It is true that the co- -ordinates of 


we 
also” identify its position 1 exactly, provided _Tectangular -ordinate 


The standard rectangular co-ordinate systems for the various States 


developed by the U. S. Coast and Geodetic Survey are ‘based 


matically sccurate They ‘provide: the means to transform ‘ge - 


OFS 


of the p position to which co- o-ordinates refer. it is apparent, therefore, 
that ; CO-¢ -ordinates in either form re represent equally well the position of a 
as determined by geodetic surveys. One form is merely translation 

of the other. It should be noted that the results of first- and second- order 


triangulatio contained ix the more recent. Special ‘Publications 


-Norr.—The “paper by by R. Sheldon, Assoc. M. Am. Soc. published ir 
April 1937, Proceedings. Discussion on this paper has ap eared in Proceedings, as fol 
September, 1937, by Messrs. Philip ‘Kissam, Ralph Z. E. B. Roberts 
H.W. Hemple, J. C. Carpenter, and George D. Whitmore. ron 


particular point i ina s survey, without in the least jeopardizing the 


1937 


0a Received by the Secretary October bo 
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ILSON ON HORIZ NTAL GEODETIC OONTROL Discussions 


Coast and Geodetic give the co- -ordinates terms. of latitude and 


longitude and also in terms of wand y referred to the standard State 
is left to the discretion | £ the > user, therefore, to decide w 

of co-ordinates will best suit his ‘particular requirements. It is not at 
all ‘necessary, however, that ‘must accept one form for all 
surveys to total exclusion of the other. general, geographic 
se ordinates desirable in projects that are geographic scope, that is, 
those that involve large parts of the earth’s: surface. Rectangular 
ordinates are the natural form in which to express detailed and = intensive 
surveys ys within | small areas, and ‘surveys made in -eonnection with the 


development of local engineering projects. Pat ges 


a Mr. Sheldon mentions the U. S. Geological Survey as one of the or- 
"ganizations using geodetic co- ordinates. topographic ‘quadrangle” 
“maps issued by the Survey are integral parts of the topographic map 0 of the 
United States, and it. ‘is logical that the map should be subdivided accord- 

ing to uniformly spaced meridians of longitude and parallels of latitude. 
The are thus arranged in an orderly and systematic manner through- 


out the country from Maine to California and from F lorida to Minnesota. ‘ 


There is ‘no discontinuity in in arrangement ‘because of State lines. ‘It is 
obvious, therefore, that geographic co- -ordinates are the best form in which 

to “express the » positions of control- -survey | stations used in the standard 
mapping operations of the Geological Survey, because this mapping is 


geographic in n scope. ‘The system just described was selected by 
Geological Survey before 1880. Even if the State co-ordinate 


systems had been available for use > at that time, any system based on them 
could” not have been considered as comparable i usefulness to the one 


Bs actually chosen. and in use to- day for subdividing the t topographic map of 
The Geological Survey recognizes the value— of the State rectangular 


dinate systems, however, and is now publishing many of its standard 
topographic. maps with “marginal marks to ‘show where the grid lines 0 


these systems may be drawn, Any engineer can then draw the grid lines, 


th 


and 80 ‘upon the map, or ‘from it, Positions “expressed in 


The kind of transit traverse described by Me. Sheldon, — its results 


computed in terms of geographic co- ordinates, is ‘not new. The Geological 


Survey began 1 using it for the control of topographic mapping as early 


893. . During the 20 yr since 1916 a total of about 100 000 lin miles has 


been done, and in 1935 alone the Geological Survey executed 9 204 lin 


miles of transit traverse. The field and computing ‘methods 


ore accurate and efficient with the passing of time, so” ‘that these contrel 


surveys have remained consistent with increasing accuracy of “the: 
mapping based o on them. ¢ Frequent ‘azimuth | observations are made by ‘the 
estronomic. ‘methods familiar to surveyors to avoid any appreciable 
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The given” by Mr. ‘Sheldon’ ‘s in ‘Table 


reciprocals of the M and factors used by the Gecloginal 
press the results of its traverse in the form of geographic co- -ordinates 
‘usefulness of these surveys justifies the attention that Mr. 


.: The 1e standard co-ordinate systems developed by the Coast and Geodetic 
Survey are designed to be State-wide in application. Nevertheless, any 
individual engineering project or survey that involves an entire State 
extensive to considered geographic in scope, 80 


evel 


because the are continuous s throughout large zones State, 
county survey usually will be consistent and continuous with surveys” 
"made in adjacent counties. Discontinuity e exists only along State boundary 
lines and along the lines separating the large zones; but the systems pro- se 
an overlap, so that no ordinary survey need be separated into parts 


it lies “across a State or zone line, 
Many count surveys, and nearly all city y surveys, are already referred 
some rectangular co-ordinate system. surveys: for general: 


neering projects, mining or other local projects in which accurate and 


ntensive is required, use rectangular -ordinates. ‘The ‘State 
tems provide the means to express the results of these surveys in ‘common 


terms, so that they may blend harmoniously and 0 that each x may have Po 

the benefit of. ‘the results of others: adjacent to it. To use these systems 

no real change is needed in the methods already employed in plane survey 

ng beyond accepting the co-ordinates for the origin ‘and the azimuth of an 


initial line as given by the basic control surveys. course, the same 
object—harmony— -could be attained by using geographic but 


these may not be convenient to use in local projects. The State 


provide for hatmony without losing the advantages: -plane- surveying 


Nee would be ridjeulous to use figures expressing latitude and longitude in 
setting column foundations for structures or for calculating volumes 
earth- work. ‘It would be equally “ridiculous x to struggle with plane 


2 ¢0- ordinates, referred to the State ‘systems, in plotting a map 
a continent or in a f reaching are 0 


d scope even as 
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DISCUSSIONS 


‘PRESSURES ‘BENEATH SPREAD FOUNDATION | 


G. ‘Hennes, 85 Assoc. M. 
ontribution by Professor Krynine the growing on me- 
Lies is. of ‘more th than usual | interest, not only because of ‘the excellence 
material and ‘presentation, but also because the division his 
into two parts illustrates rather aptly an important gap in 
knowledge of this: branch of ‘the ‘subject. ar Part I deals with the determina-— 
tion of numerical stress values in an ideal material under given conditions 
which | assumed quite generally apply with» acceptable 
accuracy to the case of _ stress distribution a deeply underlying soil 
stratum. Part deals: a more general ‘sense with stress distribution 
the surface | of contact of the structure with th the earth. For the -aver- 
age structure the s stress. distribution in the intermediate ‘ “ disturbed | zone” 
is of at least equal importance, but this region constitutes. also 
plored zone,” which needs more investigation before theo 
abe is available to the 1 profession. i In the meantime, the engineer must resort 
to the statistical, as opposed to o the scientific, approach j 


what Professor Krynine terms ‘ “ contact settlement. 
oe who frequently have oc occasion to determine stress distribution i i 
the ubsoil hould welcome the graphical 1 methods presented in P Part 
; Others, who only seldom undertake this task, can profitably study at least 
f the author’s method which presents ‘Kégler and Scheidig’s 
use of annular elements, especially 1 when confronted with non- -uniform 


loads, « or with loaded areas: of irregular shape. 


of ‘soil. ‘to progressively the gap between the 


oN 1e p y D. P. Krynine, M. Am. Soc. Cc. E., was published in April, 1937, 
on this paper has appeared in Proceedings, as follows: § 
tember, 1937, by Messrs. O. K. Fréhlich, Donald W. Taylor, and J ! 
1937, by Messrs. G. P. Tschebotareff, and A. 
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“writer that many formal education in soil 
_more profitably the fundamental — 
‘sumptions t treated from the physical a as well as the mathe- 
of a uniform load placed on the hori- 
ental surface of a supporting body. If the load could be transmitted 
through | this material. without spread, the resulting situation would be as 
shown in the free body diagr am of Fig. 18, the entire load, 13 W being 
carried by the prism ABCD, which would, consequently, be shortened. 
material Possessed any | shearing strength, however, this compression 


would “ap stresses: along the surfaces, AD trans- 


sed ‘material. If it cannot displacing 


ape “quantity of _adjacen “material, the may be limited 


the r relatively “small: ‘amount required to 


Stressed soil suficiently transfer to it the: “excess load. Be 
quantity depends upon the compressibility of the material, the 


of stress d distribution greatly simplified if: ‘it is first assumed 


stresses nowhere exceed. the shearing strength of the material. 
Next, consider a pile of incompressible rollers arranged in Fig. 20. 


It is obvious that the load, P, would be divided equally between the two 


rollers in the second layer, ‘and that in the third layer the middle roller tot 


carry a load 0.25 P, horizontal stress” components disregarded. 


Tf the same stress assumed to occur in a a 
llers, the applicatio of the Joad, P, would r result in a pais 


November, 1937 __HENNES 0 
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became ‘equal — 
| but less than 
Fig. 19. If the material pc d, there would be flow until the terial = is 
; imposed, ther ‘capacity of the mate — 
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each ‘roller, and in the third layer - the ‘middle + roller would experience twice — 


‘tm 


vertical compression of the end rollers, and hence lose contact with 


caw overlying “res which transmit the: load. "bs Since this is 3 contradictory, ; 


share of the load , as the into more stable ‘gusitions 
with equal bearing on their supports. Since vertical stress distribution is 
thus _-seen to a function of lateral strain, i it follows that 


“would affect that nature of normal stress distribution. . The problem 
ry ie is further ‘simplified, therefore, by assuming that the material has the same 


In general, the are those Boussinesq_ in 
= termining the stress ata a point in a semi- infinite, elastically isotropic ial 


ee factor is included. 1 If those concepts are approximately correct, however, oi 
is ; difficult to understand how the concentration factor can ‘be made to cover. 
the ‘situation that arises when the shearing strength of the soil is “ampere 


at one or more points, involving such factors as the flow properties and a 
the compressibility y of the material. Yet this is the situation that com- 


monly: exists in the disturbed zone, at least under the edge of the footing 


where shearing stress ‘maximum Even the lightest surface load, there- 
< fore, is likely to cause a trace | of ‘flow | at the edge of the footing. Tf the | 


fe 


footing is perfectly flexible, the flow continues ‘until the edge of the footing e 
has settled to such a depth that the weight the adjacent earth h has 

"sufficiently served to relieve the intensity of the maximum shearing stress, rol 
or to increase the frictional resistance to flow. If the footing is perfectly 


rigid, the « edges | cannot settle independently ; thus ‘incipient failure of the 
soil at the edges is. ‘accompanied by transfer of so some of ‘the load to the 
central part of the footing, and the condition of uniform loading no longer 
holds. If this is acceptable,’ Fig. and Fig. generally do 
3 not hold for surface loadings, whereas: for footings at considerable depth, 
the effect of confinement might give even clay sufficient rigidity to corre =: 
spond to Fig. 11(c) and Fig. 11(d). It would still be possible, of | course 


for the intensity of the soil reaction at ; the center of ‘the footing to be 


relieved by the actual settlement of the das as in the « case of consolidation Ps 


N 
— 
— 
— 
Si eA. ies ample of the inelastic rollers. An intermediate case would be that of a 3 2 ‘ 
material which, like soil, offered relatively more resistance to compression | 
1 ce higher temperatures. It should be noted further that, in the foregoing 9 
example, lateral forces have been neglected. As the end rollers experienced 
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factors that influence the stresses in earth masses are most 
‘ in this p paper, which reveals clearly the fact that little is known about the true 4 


distribution of stresses in foundation, especially where there is a wide differ- 

ence between the rigidity of the structure and the foundation material. 
a quick realization of this fact by the Engineering Profession in general wil will be sa 
et ‘ i most helpful i in speeding the accumulation of badly needed field data. | ‘The si 
author’s “reduced area” method of. determining pressures under structures is 

the influence of the rigidity of wi earth 


the stress distribution is of : major importance. Professor Krynine has given Tk 
a thorough presentation of the effect of this a a and he rightly states oa, 
the degree of rigidity i in actual structures will be some value between the te 
extreme limits. — The writer agrees | with | the statement that a clay can be con- 
a sidered as a non- -rigid mass; but, on the other hand, he believes that a compact 
sand will act as a rigid mass only when it is supp by non- -yielding i a a 
ih the case of a . footing resting on a compact sand stratum which, in turn, i is sup- 
. ‘ported by a a non- -rigid clay stratum, the sand, in this ¢ case, could not be correctly _ 
S onsidered as & rigid mass The same is true of a sand dam resting on a clay ae 
- foundation. ~ In cases where the clay is underlaid, as well as overlaid, with sand, xe 
the top sand should not be treated as a rigid mass, although the sand beneath 


t should be considered rigid. "Working on this basis, the writer has been able AN 


4 


to obtain some close Checks on the stability of earth fills resting © on clay i in the 
1 the structure and foundation are of utmost re: 


mportance. The stresses in an earth fill have a marked effect upon the stress be : 
n the foundation. — This fact has been ignored by numerous investigators in . 
bre an | attempt to devise a ‘simple formula or method | for analyzing the stress ina a 
fi foundation. — The writer has found that it is essential, in the design of earth ans 


embankments, that the fill and foundation be considered as a whole in deter- 


. Considerable errors will o occur in the ‘computed stresses if the 


t is assumed to. be perfectly ‘rigid. It is evident that the greatest error ee 
these stresses occurs when the actual rigidity of the structures and the 
Errors are also introduced if it is assumed 
se that the vertical load on n the upper boundary of the foundation material is ae 
equal to the weight of the material directly above it at every point, and that 
_ the shearing stress along: this upper boundary i is zero. Iti is only logical that 4 
: “dam builders” should be first to recognize the importance of these principles, aS 
since the difference i in the rigidity of the fill: and foundation of adam is much 
‘Smaller than it would be for a footing « on the same foundation. 
: Th making use of ‘computed | foundation stresses, does the « author consider 
B satisfactory y the generally accepted method of determining the probable settle- 


sae Senior any Chf., Soil Eng. and Fill Control Div., Fort Peck Dam, Fort Peck, ‘Mont. A 
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ment of a structure by computations based on the use of fia ‘aaa forces | 


ae and the change in volume of the compressible strata directly beneath the 
fe loaded area only? | In order to determine accurately the probable settlement. 
beneath a footing, the volume change from consolidation throughout the entire 
pressure bulb should be used. Furthermore, the maximum principal stresses, 
rather than vertical stresses, should be used in computing the consolidation. 


a ‘oe This method will not be as , simple to use as the g generally accepted method, but 
too much simplification of a complex: problem can easily lead to undesirable 
errors in the results. Therefore, since the engineer i is attempting to o determine 


the stresses n more accurately, he is also justified in | using: a more nearly correct 


» 


method of graphical ¢ computation foundation stresses ‘under 

spread footings developed in tl this paper. It is simple and ‘helps 
visualize distribution of foundation “pressures. Professor Kerynine’s 
‘graphical construction may also be be applied in the he computation of f founda- $5 
stresses with equations developed by Messrs. Kégler and A. 2 
sing the author’s notation, the vertical foundation 
Pz, at depth, Be — Messrs. Kégler and Scheidig is 


which is the angle of repose of the ‘material . Considering 
the principle of ‘superposition of loads, the foundation 
load on an elementary area, dA, from Equation (38) are, 
4 ‘ 
dA(cos a — cot ¢ sin a) poe a 


a 


he summation of the last ‘tere in an ay be determined by 
graphical ‘construction. ‘similar to that shown in Fig. 


_ ts s interesting to note that instead, of the term, n, used by ‘the author 
in the equations for foundation stresses, Messrs. “Kigler and Scheidig used — 


the angle og ate t to express the physical qualities of the foundation 
Associate Bridge Engr., Bridge Dept., Div. of State Highways, Sacramento, Calif. 
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“were 1931, , have furnished 
a pattern for ‘numerous later “experiments on similar structures."* Ih 
addition, he paper describes the p rations made for comparative tests 
on the prototype. Unfortunately, as ‘repeatedly emphasized by the author, 
to date have been insufficient magnitude to 
direct comparisons with the mo model. _Extrapolations in studies of 
this nature are very unsatisfactory. However, the paper s should serve 
stimulate interest obtaining “data, and thus: insure complete measure- 
ments on the prototype when the opportunity is. "presented. 
a Model Tests—It is interesting to review the conclusions reached fri 
the model tests of Madden Dam in the light of the obtained from 
the model tests of the Conchas_ Dam in New z 


x Waterways Experiment Station in 1936. 


elusions (1), (5), (6), (1), (10), in 
entirely” ntiated by the Conchas Dam 


down stream the ‘point of for the 
Several types of end ‘sills, including the sloped- face type, were tested, and — 
Nore. —The paper by Richard R. ‘Randolph, Jr., Esq., was published in May, 1937, Pro- 


ceedings. Discussion on .this paper has ‘appeared in- Proceedings, as follows: October, 


Technica Memorandum No. 105-1, 21, 1038, “adaressed to Dist. U. 
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Received by the Secretary October 2, 1987.00 
Hydraulic Model Tests, Madden Dam,” Engineering News-Record, Vol. 109, 


the conduits were discharging alone. baffles definitely improved 


n suggested in pro very best 
i ‘antiom, but the tests for Conchas Dam indicated that where the stilling- 


basin is confined within a relatively narrow canyon, the 4 side walls” could: 
be sloped on the: down- “stream end Seriously interfering with 
the jump action. As far as stream- bed velocities and erosion down stream 
were the essential feature was an having an 


ci 


‘The faa contusion, (11), “Tisted by the. author in Part 


There are two schools of thought 


baffles are absolutely essential in combination with the hydraulic jump 


to help dissipate, sufficiently, the excess” energy” in the ov over-fall 
high dam. The other school believes, like ‘the author, bafiles 


‘some cases. This was the attitude taken at Conchas Dam where one row % 

of baffles, placed far enough down stream ‘to avoid « excessive impact, was 

used. The _stilling-basin selected from the model 1 tests performed ‘satis: 


factorily when equipped with an end sill alone, but the one row of bafile- 
blocks was added principally to improve “performance of the basin 


the action of the jump for high spillway discharges as "well, , and were 


considered an additional factor of safety in the ‘design. By placing the 


bafiles relatively far down stream, full advantage was taken of the impact 
water on water before giving additional aid with the baffles. 


—The agreement between corresponding nappes and 
ver the crest of the “spillway for the model ‘and its prototype 


appears ‘to be highly satisfactory. The indicated energy gradients: ‘also 

Me appear to be in satisfactory agreement. However, the implication regarding 
coefficients of discharge for the ‘spillway (see. Fig. 15) ‘should not be over: 4 
looked. J Judging from the results| of others, whose methods of “measuring 


discharge, those for ‘Madden Dam, is in 


‘maximum 


very heads in but it unlikely effect 


be great for heads of 0.45 ft in Nature), the maximum 


would be extremely, interesting and worth to the Engincering 
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readings and the head (which is the 
water surfaces) was taken as the loss. in hee ad due to friction on th 


overflowing sheet of water.” The ‘statement in “parenthesis indicates that 
‘the correct value for the loss of. head was used ; but it is incorrect to state 


that the theoretical velocity head equals ‘the difference in water surfaces, 
that the head loss is the difference between the “measured and the 
- theoretical velocity heads. — To obtain the true aie in head, it is mecessary 
Pee take the difference between the theoretical energy line (theoretical depth 
theoretical velocity head) and the actual energy line (actual depth 
actual velocity head). The fact that the theoretical depth is ‘diferent 
the actual depth makes the author’s statement incorrect. 
Although the abscissas in Fig. 17 are entitled, “ Values” of Head 


ai Toe. of Dam of H Height,” it appears that th 


are for the Madden Dam, of specific height. 


ais 
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CONCRETE. AND. 
ITS POSSIBILITIES FOR BRIDGE 


KARL W. LEMCKE 


is regarding the application of the 


to ‘conerete ' structures. It may be that the author emphasizes its theoretical 
ns without full consideration of the practical limitations. ‘gem ee 


of concrete under load _ by because of the 


strains which occur before failure, pre- “stressing will have practically no effect 
on the ultimate strength of the member. | ‘Therefore 2 any increase in . allowable — 


load due to pre-stressing will some the factor of safety against ultimate rem ; 
No doubt this is | warranted i some of structures because of 


eoncrete cylinder strength, Sef - 000 Ib per sq in., and the steel elastic | 
fs = 40000 Ib in., the ultimate bending strength: of the | 


Notr.—The paper by Ivan A. Rosov, M. Am. Soc. C. E., was published in Septentits. 
1937, Esc This discussion is printed in Proceedings in order that the : 


or Combined Flexure an 
Whitney, Journal, Am. Concrete Inst., March-April 
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November, 1987 ON PRE- ‘STRESSED REINFORCED ‘concert 


design (Fig. 5a) per foot 1 width of slab, expressed by”?: 


is sequal t to 1 945 000 indb. For balanced 


q 


be 12, x 25 X 25 5.000 00 000 in-Ib. author's 8 ‘conventional 


therefore, has a factor of safety o x 400 against steel 


inst 


and a factor of safety of of 400 = = 68 8 against failure. 


Ree According to the author’ ’s st statements an allowable unit stress of 35 000° : 


‘per sq in. in the steel the ipre- -stressed design would require an elastic 


of about 90 000 lb per sq in. Assuming this value f. and d applying 
writer to the of shown in Fig. the percentage of 


vides =0.0102, 
90 000 000 = 72 x 13. 


The ultimate by Equation (45) 12 X 18. 5 X 13.5 X — 


= 458 000 000 Ib per. sq in. The factor o of of the ‘author’ s design | against 


‘rae 


failure is, therefore, 2.72, whether or not the steel is 
prestressed. The pre-stressing will reduce the amount: of cracking in the 


ms concrete , but. that can also | be reduced by using more steel, which ¢ could: then ae 


have a lower yield point and which would provide lower bond stresses. For Re 


structures the pre- -stressing procedure does not appear 


Kart W. Lemcxe,”! Assoc. M. Am. Soc. C. E. (by letter). 
ei reinforced concrete is somewhat similar to th the jacking of moments into truss A 
1x ¥ members in order to nullify or greatly | decrease ¢ objectionable secondary stresses. 12 

ie In each case the capacity of the member involved 18 increased without ut adding: ae 


to its section. The author has presented an an interesting and timely pap paper. or: 
Although ‘considerable pr progress has been made, the writer believes 
Teinforced concrete as a structural material is ‘capable of much further develop- 
ment. While American engineers are generally in the forefront of progress, 
_in the matter of conceiving long-span concrete bridges, they seem to be behind 
‘ European engineers. As against the 460-ft reinforced concrete arch span of a 

Robinson & Steinman, New York, N.Y. 
Received by the October 26, 1987. 
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at Pitteburgh, Pa., the French. have the 


612-ft arches of the Plougastel Bridge, near Brest. -Freyssinet, the designer th. 
of the latter structure, has very ably stated the reasons why greater progress, 


pre-stressed concrete design, Mr. states in that, 


. not been made in long-span concrete construction. 


— for long: spans an T-shaped girder should be used, but that in conventional | ak 

concrete design such girders are not used because the bottom flange Ww would 
Ae be useless, due to its tendency to crack. _ One such concrete girder bridge f PI 
conventional design ‘and [section was designed and built : across Salt 


Humboldt County, California. Reinforced concrete was chosen i in prefer- 
ence to structural steel because it was felt that, | due to the heavy fogs : and 


a moisture at the Site, structural steel would be subject to great corrosion. The 


aS: _ eonerete_ design was also cheaper. The bridge was a tw o-span continuous 

, be one, 284 ft long. - The girders were 12 12 ft deep, t the top flanges, 2 ft wide, the 
at = bottom flanges, 1.5 ft wide, and the web varied in thickness from 7 in. to 18 in. 
As this structure was built about 1920 it would be interesting to know ate | 


a has withstood the elements, and w hether the bottom flanges have cracked. — 


The author gives some interesting comparisons of designs for a highway 
_ loading | and a 25-ft clear span, referring also to the conventional designs of the 


Delaware, Lackawanna and Western Railroad, as of 1926. Ib this connection 


over built in the past; if designed of pre- -stressed rein 


forced concrete they would probably show a still greater saving. hg 
as It seems to the writer that the 10-in. slab thickness mentioned for a 25ft 
clear ar span 1s is rather ‘Shallow even for pre-stressed reinforced concrete construc 
tion, and might ‘produce excessive deflections; also that 2000-Ib to 2 500-b- 


- concrete was a rather low grade to use, although the ‘author — have taken 


= 


‘The advantages having no bends in the steel wel 
probably be offset by the increased cost of forms, due to having to increase = 
_ the depth or width of the members. 
: Fens On jobs that are poured in the field the pre-stressing of the reinforcement di 
might be quite expensive due to the high wages of labor, but this cost would ‘ sh 
probably be reduced materially after the operation had been standardized. ta 
conclusion, the writer believes Mr. Rosov’ paper should call 
the attention of the profession the advantages and economies of pre-stressei ht 
reinforced ‘conerete, and should also further its development. de 


ii 
aor 
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a 4 ways might be of interest.* Among other types, single spans as long as 60ft, & ae 
—— have been developed to carry Cooper’s 
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rg zene of which he was able to determine qualitatively th the nature of of settlement 


the rock fill and the ‘underlying clay Lag. 


ais - Several points occur to the writer in regard to the determination of the 
ig afety of such a construction. | The first of these 1 relates | to the fact that the 
; mtv surface lies almost entirely within the bed material. _ This condition i is” 


The second point refers to the stability of such a structure. W1 Ww the rock 


has been completed and movement of the clay ceases, there exists at that 
7 time a factor of safety of Fone. | This 1 means tl that om additional. loading of the : 


‘Furthermore, if ‘the: mud wave ye were ‘stability 


‘The “heart-shaped” ” failure > surface, now that it is acti by the s tests, is 


discernible from the theory of elasticity. complete solution of the problem 
shown in Fig. 38, in which the foundation bed is loaded not only vertically bi but 


tangentially, i is much needed. 


personal experience with levee construction in this ‘region, 
@ desires to congratulate | ‘Mr. Buchanan on his accurate presentation of th 


ye — —This Symposium was presented at the meeting of the Soils Mechanics and 
: /prundations Division, at Boston, Mass., October 7, 1987, and published in September, 1937 
Discussion on this Symposium has appeared ‘in Proceedings, as follows 
tcbtember, 1937, by the members of the Committee of the Society on Earths and Founda 
“Dean, Coll. of Eng., Cornell Univ., Ithaca, N. aft 
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oo just as the soundness of the work of the Old Master Builders is demon- 
a strated by the many ancient buildings that are ‘standing to- -day. Precisely as 
‘modern structural design has modified building practice, so will the rational | 
methods of soil mechanics, under the leadership and guidance of experts, modify 
levee construction and gradually transform it from an art toascience. 
aS Although it is true that most of the work on main line levees has been 
bar 6 completed, there is still much to be done to provide an adequate factor of 
it safety at the weak places in the existing system and to construct the tributary : 
_ extensions. _Itis hoped that there will be sufficient infiltration of the principles 
expounded by Mr. Buchanan into the various. design ; staffs” ‘to ‘insure the 
& application of rational design methods to the work yet to be done. Their best 1 
mes: _ Spplication 1 is in the hands of these engineers who have, for years, carried on the 
design activities on the river. Familiar as they : are with the ground conditions, 
they can apply the rational design ‘methods with the conservatism that is 
necessary where protection of life and property i is involved. 
* sone ideal condition would permit wide variations in design resulting ina 


_ uniform factor of safety. ye Practical conditions and limitations of knowledge 


examine the standard Misiasippi sections described as A, B, 
as and C in Table 1. _ The A section is for a material containing 75% or ‘ined oof 


clay, defined on the ‘Tiver as material finer than 0.005 mm. Rt Although =f 


ie section has never been discarded it was early learned by the field engineers that 


os _ levees, even of moderate height (15 to 20 ft), built of material in this classifi- 


cation, were not stable with slopes as steep as lon3. On the other hand, such — 


— are so. impervious that seepage never Teaches the « n-stream 


On analysis. most of materials will be stable with a slope of 


about 1 on , but i in actual experience wave wash has proved 80 troublesome 


with the ‘evan fine cohesionless material of this class that this slope isa practical i 


“necessity t unless ‘slope paving is used. Most materials i in this class are sufi 


pervious to establish the normal during a a flood. To 


: Sages Most of the levees are re actually of the intermediate or B classification ian a 


ee ‘the levee dimensions indicated are usually more than adequate; but they have 3 
limited or ‘inadequate ‘safety factors i in few cases, particularly as one limit or 


Bees Mr. Buchanan has discussed the method used in foundation design where & 
“comparison of stress versus strength i used. He has indicated the limitations 


be gradually. writer’ comments | are directed at 
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PEN on. ‘APPLICATION: OF SOIL MECHANIC 


3 or this ‘method ‘More emphasis s might well be placed or on the photo- elastic rok 
method: of stress analys ses. in particularly difficult cases. 


In analyzing embankment stability Mr. Buchanan has used the ‘sliding 
Gates method. The writer is inclined to believe that the inaccuracies of this pai 
q method are such that it would be better to develop the stress-strength relation- 
ship” in a manner similar to foundation design practice. The 
method « offers one approach to this problem. Incidentally, where 
and foundation materials are both of questionable strength the two analyses 
should not be ‘separated but should be treated as one ‘problem. 
: dt has been the practice for a number of y years to provide. for the installation — a he 
of settlement gages (locally known as “crow’ 8 feet’’) as a means of f measuring — beg ise: 3 
foundation settlement for payment purposes. These gages offer an excellent 
‘means of detecting incipient foundation failure. Where foundation investi- — 
gations have > been made in advance an estimate of the rate of consolidation = 
be made and compared with actual settlement. excessive ) settlement 
_ develops, incipient failure i is indicated. In such a case immediate revision of — 
the design to prevent failure should be made. Even where a 


- _ analysis has not been made the behavior of these gages offers a good indication 


4 common indication of incipient foundation failure i is an uph eava I of th 
ground surface beyond the embankment toes. Prior to failure this movement 
. usually is small; but it is frequently visible to the eye and can be detected i ae 3 
cases by instrumental measurements. _ By the establishment of hubs 
the critical reaches in advance of construction a check may | be maintained al 
foundation condition. Likewise, embankment slides are indicated 
advance by the bulging of embankment slopes. Instrumental checks can 


detect st such conditions i In sufficient: time t to permit corrective measures to 


ag 


Iti is. realized that x many of the construction methods permitted on levee 
work do not lend themselves to the application of these methods of detection of 


_ probable failures. . Some limitation on the method of construction in such eases 


_ May be advisable. v) Based on present- day hauling methods and costs there is no 
_eason to ) believe that these limitations will result in materially increased cos 


W ith respect to the discussion of levee construction methods in the } paper, 
‘it might be — that an increase in cost of od ets to 6 cts per cu a for com. 


present day of soil had advanced to the point whore it 
= evaluate the improvement. it is the writer’s opinion that the general 
solution was sound for the time that it was made, but that in the future it 
should be modified in the light of recently acquired knowledge. 
One of the most troublesome problems in levee planning is borrow- pit 
location. fr. Buchanan pc points out that considerations of ‘economy require 
that the material be obtained opposite, and as close as possible to, the proposed — ay 


ev ree. - He further states (see heading, ‘ “The Design of a Levee Unit”) that 
t is important that no borrow-pits or excavations be made adjacent to 


the levees on the land-side to ia pervious strata extending through to t 
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APPLICATION OF SOIL MECHANICS 


tiv r side. of such strata. from increased under- 


a Pod Se seepage, certainly; and from destruction of the levee structure due to piping, 
possibly. Although in some instances, borrow-pits have been made on the 
— 


on side, they are the source of never- -ending trouble.” 


 Thisp policy has resulted in the use of river-side | pits palenent on exclusively i in recent, 
see years. These pits are Separated generally fr from the ) levee toe by a 40-ft berm. 
ane At the edge of the berm they : are 3 ft deep and deepened from 2 ft to 4 ft in 


is e every hundred depending on the specification in each « case. Below the mouth 


_. of the Red d River slopes of 10 ft in 100 are permitted. — One of the greatest fields 
for improvement in levee design lies in the application of the principles of soil 
; 4: ‘mechanics to borrow- -pit location and design in connection with the hydraulic 
_ The Mississippi levees are built on, and of , alluvial soils, means that 


ie almost every combination of sands, loams, and clays may be encountered. In 


aoe er of tenis m overlying a peo sand stratum as in Fig. 56(a). In this case the 


side 


_Maximum Water Surface 


hundred times as pervious as the loam. Here the head hi the 
ge pervious sand on the loam stratum causes boils or piping at the land-side toe of 


, « the levee. This offers an an explanation for many of the worst troubles on the, 


~ ae _ Now, reverse this condition and put the borrow-pit « on the land side as in 


oo y permit a deepening of 1 ft in 100; so the pit in this case would have @ thin 


levee system. In time the borrow-pit will silt up in the small annual omens and A 
ee ‘4 the trouble tends to become less in succeeding ene SecGen 


56(6), taking care to excavate to the sand. The loss of head then occurs 


ee a large extent in downward flow « on the: river side where it can do no harm. 
In this case the land-side pit is preferable. — Now, land- 


i — eovering of loam over the ‘sand. The result would be boils in the pit wi which 


would look bad although they would not be serious. 
ae There are, of course, many other combinations. — One would be the case 


_ the pervious sand foundation overlying an n impervious stratum like the case 
cited at oe 8 pineens where the treatment of a clay blanket a 


— 
whe 
ist 
— 
ind 
— 
— ree 
— 
— 
such cases the only restrictions on borrow-pit depth need be stability and future yn¢ 
enlargement considerations. _ More frequently the foundations are stratified, 
— 
— 
— 
— 
— 
— an 
ie 
— 
— fou 
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— 
— | 
— 
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— 
— Ban 
— 
— 
— 


impervious stratum was are other known w 


Py 


oe in the system where a a soil mechanics henyg~ should develop a solution, 


a Soc. C. E. letter need of a reliable 
basis of stability analysis for foundations under earth embankments is very” : 
i indeed. Much has been written and much research has been conducted 
applicable to selection of suitable materials and 
to optimum density and “‘s 


All this refinement in the however, to 
under conditions of loading. Experience at Zanesville, Ohio, and 
clearly. indicates that knowledge and technique i in : building artificial ¢ embank- 
‘ ments has progressed far beyond knowledge of whether a foundation will — 
properly ‘support the embankment when built. general, the foundation 
must be accepted as it exists, and it is likely to be by far the weaker and more ~ 
a “uncertain the structure, subject to much greater settlement and 


Any silanes settlement which tends to cause cracks or fissures in the. m 


failure in the embankment. Data and methods of 
analysis should eventually become available for indicating the degree of 


flexibility of embankment sections and profiles for. accommodating themselves 


tests. the Haines method, , recommended by Mr. 


oe His proposal to build dams of normal iaiaiis of cohesionless material, on 
_ foundations too soft to support the load without flow, in lieu of dams of such 

% flat slopes a as to avoid flow and thus limit distortion to vertical compression, i 

ts indeed very interesting. _ However, what might seem to be an obviously 

it feasible, economical, and safe procedure at the > Passamaquoddy project might, 


=e 


in profile, the bottom. also seindiidie t 


the fill, water be allowed to 
forth thr 


to readjust itself without initial voids. 


— 
the 
-§@ is that Mr. Buchanan’s studies should be extended to the solution of these ae 
_ problems. The present rigid borrow-pit requirements should be modified by ia: 
— 
— 
| 
| — 
— 
| — 
— 
— 
— 
4 
— 
| 
> 
— 
— 
scarcely conceivable tha new fill, in adjusting itself to the outilow 
of the soft foundation, could sett reover, 4 
_ Where the new fill is required to sag spread 
outflow of soft foundation, ir ST are pure 
i bsionless material is so fluid 
D 
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is thoroughly settled end these cracks thus closed batons applying the 


4 


owever, 


shoe the safety of eservoir 


were thus filled. 


anticipated ‘settlement would be practically completed during ‘con 
struction. It is doubtful whether this could be done except in a submerged 


i, dam where water would be available for settlement w ithout unbalanced pressure 


Corrections for Transactions: Change the denominator of Equation (6) 
+ Cc = Ad) (C = and, the definition of ty 


‘center last words, , “Core to 


— 
— 
— ™ nove water level, h the final d without filling the reservoir. 
Ee: ht be accomplished w 
— ttlemert could 
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